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I. RESUMEN. 
El número de accidentes marítimos de barcos petroleros y el volumen vertido ha 
disminuido significativamente en las últimas décadas. Sin embargo la costa gallega, una 
zona altamente sensible debido a sus recursos marisqueros y pesqueros y áreas de 
interés ecológico, presenta un intenso tráfico marítimo a lo largo del corredor de Fisterra 
y una alta frecuencia de accidentes; lo que pone de relieve la necesidad de herramientas 
eficaces para combatir los derrames de hidrocarburos. La utilidad de los agentes 
químicos para la lucha contra los derrames –dispersantes y agentes de limpieza de 
costas- está condicionada por su eficacia y toxicidad. En un trabajo previo realizado por 
el Grupo de Reciclado y Valorización de Residuos (IIM-CSIC) se determinó el petróleo 
remanente en baldosas graníticas tras un tratamiento con agentes químicos, y 
subsiguiente hidrolavado, para la lucha contra los derrames. Cuatro productos, de un 
total de 25, fueron seleccionados por su eficacia: los dispersantes Agma OSD 569, 
Finasol OSR 51 y OD400 y el agente de limpieza de costas CytoSol. 
En el Capítulo 1 de Resultados se evalúa la toxicidad de estos cuatro agentes 
químicos, seleccionados por su eficacia en la limpieza de petróleo, utilizando ensayos 
representativos de distintos niveles tróficos (descomponedores, productores primarios y 
consumidores primarios). De forma previa a la caracterización toxicológica se realizó 
una optimización de las evaluaciones toxicológicas basadas en el crecimiento 
microbiano (bacteriano y microalgal).  
Para el desarrollo y validación de un modelo matemático adecuado a la evaluación 
toxicológica del efecto inhibitorio de un tóxico sobre las cinéticas de crecimiento 
microbiano se procedió al estudio de los efectos de tres metales pesados (Co, Ni y Cd) 
en la cinética de crecimiento, en cultivo discontinuo, de cinco bacterias de diferentes 
características metabólicas (Pseudomonas sp., Phaeobacter sp. cepa 27-4, Listonella 
anguillarum, Carnobacterium piscicola y Leuconostoc mesenteroides subsp. lysis). Se 
propuso un modelo bivariado, función del tiempo y la dosis, que combina la ecuación 
logística para la descripción del crecimiento, con la función acumulativa de la 
distribución de Weibull aplicada a la descripción de las relaciones dosis-respuesta 
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generadas por el efecto inhibitorio de un tóxico sobre las distintas fases del crecimiento 
microbiano. El modelo dosis-crecimiento así definido: 1) constituye la solución 
simultánea de la serie de perfiles cinéticos que se obtienen al incubar un 
microorganismo en presencia de concentraciones crecientes de un tóxico; 2) permite 
cuantificar los efectos del tóxico sobre todos los parámetros de la ecuación de 
crecimiento y determinar directamente los correspondientes intervalos de confianza; 3) 
trata el sistema de cultivos como un todo, lo que minimiza los efectos del error 
experimental. Empleando esta ecuación toxicodinámica se consiguió realizar una 
descripción altamente precisa y estadísticamente significativa de los efectos de los tres 
metales pesados estudiados sobre cinco bacterias con diferentes propiedades y 
clasificación taxonómica (especies Gram positivas y negativas, aerobias y anaerobias 
facultativas, homo y heterofermentativas, libres y parásitas oportunistas, de hábito 
terrestre y marino), cuyas respuestas mostraron acusadas diferencias dentro del dominio 
de dosis y tiempos estudiado. Se definió asimismo un parámetro de toxicidad, la EC50,π, 
que sirve de resumen del conjunto de efectos inhibitorios sobre la biomasa producida a 
un tiempo  o tiempo requerido para alcanzar la biomasa semimáxima. Se determinó 
asimismo el rendimiento de la fermentación acido láctica para C. piscicola y L. 
mesenteroides  en las series temporal ensayadas y se observaron diferencias evidentes 
entre el control y los tratamientos para el Cd a tiempos medios y altos.  
Basándose en esta aproximación formal, se estudiaron los efectos inhibitorios de los 
tres dispersantes (Finasol OSR 51, Agma OSD 569 and OD4000) y el agente de 
limpieza de costas (CytoSol,) seleccionados en el crecimiento en cultivo discontinuo de 
tres microalgas marinas (Isochrysis galbana, Chaetoceros gracilis y Phaeodactylum 
tricornutum). Se evaluó la adecuación de las medidas de clorofila a y de densidad óptica 
cuantificada a 700 nm para describir el crecimiento logístico de las microalgas. Las 
concentraciones de clorofila a mostraron desviaciones respecto a un patrón logístico de 
crecimiento, lo que guarda relación con el distinto contenido de clorofila a por célula en 
las distintas fases de cultivo. Los valores de densidad óptica se analizaron inicialmente 
mediante la aproximación estándar del ensayo de inhibición de crecimiento microalgal y 
mediante el modelo bivariado para describir los efectos sobre los parámetros de 
crecimiento. En la aproximación estándar se calculó la reducción de la tasa de 
crecimiento específica en los tratamientos con los agentes a distintos tiempos de cultivo 
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y los parámetros toxicológicos habituales (EC10 y EC50). Las EC10 o EC50 así calculadas 
mostraron una tendencia a aumentar en el tiempo a diferencia del valor único obtenido 
para la EC50,π. En 8 de los 11 ensayos, se encontró una dependencia estadísticamente 
significativamente del parámetro temporal de la ecuación de crecimiento –duración de 
la fase de latencia (λ) o tiempo requerido para alcanzar la mitad de la biomasa máxima 
(τ)– con la dosis del agente químico testado. El ranking de sensibilidad basado en el 
valor del parámetro EC50,τ  fue I. galbana > C. gracilis > P. tricornutum. En todas las 
especies testadas el agente químico menos tóxico fue el Agma OSD 569 seguido del 
CytoSol. El modelo bivariado propuesto permitió una evaluación toxicológica precisa 
del efecto inhibitorio de los agentes testados en el crecimiento microalgal. 
En este capítulo se evaluaron también los efectos de los tres dispersantes y el agente 
de limpieza de costas anteriormente mencionados, en el crecimiento de dos bacterias 
marinas (Phaeobacter sp., Pseudomonas sp.) y una terrestre (L. mesenteroides) así 
como en el desarrollo embrionario del erizo de mar (Paracentrotus lividus). Los 
productos seleccionados no mostraron una inhibición significativa de la producción de 
biomasa por parte de las bacterias marinas testadas. Los dispersantes Finasol OSR 51 y 
OD4000 produjeron una inhibición significativa de la producción de biomasa de L. 
mesenteroides y en ambos casos se obtuvo una descripción adecuada de las cinéticas de 
crecimiento mediante el modelo bivariado propuesto. La toxicidad como EC50, fue de 
754 μL/L para el Finasol OSR 51 y de 129 μL/L  para el OD4000. Para el bioensayo de 
erizo el ranking de toxicidad según el valor de la EC50 (μL/L) fue: Agma OSD 569 
(34.0) < CytoSol (26.3) < OD4000 (2.2) < Finasol OSR 51 (1.2). 
En resumen, el dispersante Agma OSD 569 presentó la menor toxicidad, seguido del 
agente de limpieza de costas CytoSol. Los dispersantes OD4000 y Finasol OSR 51 
presentaron la mayor toxicidad. La sensibilidad del ensayo embriolarvario de erizo de 
mar fue la mayor de los bioensayos de toxicidad utilizados. Las especies ensayadas de 
fitoplancton mostraron una sensibilidad intermedia entre la del erizo y la bacteria L. 
mesenteroides.  
En el Capítulo 2 se estudia el efecto de dos métodos de envejecimiento experimental 
(evaporación y fotooxidación) en la toxicidad de los petróleos y sus fracciones. Se 
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evalúa asimismo la hipótesis de toxicidad aditiva para las fracciones de alifáticos, 
aromáticos y polares obtenidas de un crudo.  
Se realizó un envejecimiento artificial de dos petróleos, un fuel oil pesado y un crudo 
angoleño, mediante evaporación y fotooxidación (lámpara de xenón) y el 
fraccionamiento en saturados, aromáticos, polares y asfaltenos de los petróleos antes y 
después del envejecimiento. La toxicidad de los petróleos y sus fracciones se evaluó 
mediante el bioensayo embriolarvario de erizo de mar y se emplearon dos métodos de 
dosificación: el extracto acuoso de petróleo (WAF) y el extracto de petróleo en 
dimetilsulfóxido (DMSO). La fotooxidación produjo una reducción del contenido de 
aromáticos y un incremento de la proporción de la fracción polar. Se observó una ligera 
reducción de la toxicidad del crudo angoleño con el envejecimiento tanto para la 
fracción acomodada en agua como para el extracto en DMSO aunque el envejecimiento 
no modificó la toxicidad del fuel pesado. La fracción de alcanos experimentó una 
reducción de la toxicidad con los procesos de envejecimiento artificial utilizados, 
posiblemente motivada por la pérdida de los compuestos de menor peso molecular, y 
para ambos petróleos el descenso de la toxicidad fue más marcado para el tratamiento 
fotooxidativo. La fracción de aromáticos fue la principal responsable de la toxicidad de 
los petróleos ensayados. Los compuestos polares fueron el segundo grupo en cuanto a 
contribución tóxica a pesar de presentar una abundancia similar o menor a la de 
alifáticos. Los métodos artificiales de envejecimiento utilizados no parecen variar de 
forma notable la toxicidad del fuel oil pesado ya que la contribución tóxica de la 
fracción de aromáticos es determinante (~0.7-0.8 TU). La contribución tóxica de la 
fracción de alifáticos fue media para el petróleo angoleño y baja para el fuel pesado. Por 
lo tanto, la reducción de la toxicidad del petróleo angoleño envejecido por lámpara de 
Xenón guarda relación con la disminución de la contribución tóxica de la fracción de 
saturados. El tratamiento fotooxidativo implicó un aumento de la concentración de 
polares y la evaporación o fotooxidación incrementó la toxicidad de esta fracción para 
los dos petróleos testados; lo que subraya el rol de la fracción de polares en el 
envejecimiento.  
En la actualidad hay disponible bastante información acerca de mezclas de 
compuestos individuales pertenecientes al petróleo y se asume que su toxicidad aguda 
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está relacionada con un modo de acción inespecífico o narcosis. Sin embargo, la 
información disponible para la toxicidad de mezclas complejas correspondientes a las 
principales fracciones de petróleo (alifáticos, aromáticos, polares y asfaltenos) es 
escasa. Con objeto de investigar la toxicidad conjunta de esta mezclas complejas se 
realizó un fraccionamiento de un crudo maya en alifáticos, aromáticos y polares; las 
fracciones obtenidas se disolvieron en DMSO, se realizaron mezclas binarias de éstas y 
se evaluó su toxicidad mediante el ensayo embriolarvario de erizo de mar. Se comparó 
la capacidad de los modelos de Adición de Concentraciones, Acción Independiente y 
modificaciones de ambos modelos para describir la toxicidad conjunta de las fracciones 
y se eligió el mejor modelo de acuerdo al criterio de información de Akaike, que 
sintetiza bondad de ajuste y número de parámetros con objeto de evitar el sobreajuste. 
El contenido en hidrocarburos extraíbles con diclorometano de las fracciones disueltas 
en DMSO fue: 12,0±1,8 mg/mL, 39,0±0,5 mg/mL and 20,5±2,5 mg/mL para alifáticos, 
aromáticos y polares respectivamente. La toxicidad de los extractos en DMSO de las 
fracciones evaluada mediante el valor de la EC50 (µL/L) fue: alifáticos (165,8-242,3) < 
polares (87,1-115,7) < aromáticos (20,5-34,6). El modelo de Adición de 
Concentraciones fue el que mejor describió las respuestas experimentales en la mayoría 
de los casos (alifáticos-aromáticos, aromáticos-polares) mientras que el modelo de 
Acción Independiente lo fue para las mezclas de alifáticos y polares. En ninguna de las 
mezclas se observaron efectos sinérgicos o antagónicos. Estos resultados corroboran la 
hipótesis de toxicidad aguda aditiva para los componentes del petróleo. 
En el Capítulo 3 se tipifica la toxicidad conjunta de los compuestos para el 
tratamiento de derrames seleccionados y el petróleo, en mezclas binarias de los agentes 
químicos y el petróleo, mediante una aproximación que permitiera una descripción 
formal rigurosa. También se evaluó el efecto de distintas proporciones 
petróleo:agente en la toxicidad de la fracción acomodada y la contribución tóxica del 
agente químico.  
Para alcanzar el primero de los objetivos, se obtuvo por separado la fracción 
acomodada en agua de un crudo maya y un dispersante (Finasol OSR51, Agma 
OSD569 y OD4000) o agente de limpieza de costas (CytoSol); se realizaron mezclas 
binarias de los extractos del crudo y el agente químico seleccionado y se evaluó su 
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toxicidad mediante ensayo embriolarvario de erizo de mar. Se encontró que los modelos 
de referencia con interacción nula (Adición de Concentraciones o Acción 
Independiente) conducen a una descripción adecuada de la toxicidad conjunta de las 
mezclas binarias en la mayoría de los casos; y en ninguno de ellos se observó un efecto 
sinérgico. El modelo de Adición de Concentraciones fue mejor en dos casos (CytoSol y 
Agma OSD 569), el modelo de Acción Independiente en un caso (Finasol OSR 51) y en 
el restante se detectó un antagonismo leve (OD4000).  
También se evaluó la toxicidad para embriones de erizo de mar de las fracciones 
acomodadas en agua de: a) crudo maya, b) dispersante Finasol OSR 51 y crudo a las 
siguientes relaciones dispersante:petróleo (v/v): 50% (25 mL/L: 50 mL/L), 10% (5 
mL/L 50 mL/L) y 1% (0,5 mL/L 50 mL/L), y c) dispersante Finasol OSR 51 a las 
siguientes cargas: 25, 5 y 0,5 mL/L. La toxicidad de los extractos acuosos mixtos de 
Finasol OSR 51 y el crudo maya fue intermedia entre la menor toxicidad de la fracción 
acomodada en agua del crudo y la superior de los extractos acuosos de Finasol OSR 51; 
lo que evidencia la alta sensibilidad del embrión de erizo al dispersante. La contribución 
tóxica del dispersante al extracto acuoso mixto fue relevante en base a las 
concentraciones medidas de tensioactivos aniónicos. La comparación de los valores de 
toxicidad del extracto acuoso mixto y el de petróleo fue más evidente expresando las 
unidades como dilución (mL/L) que mediante la determinación habitual del contenido 
de hidrocarburos (TPH, mg/L). 
En el Capítulo 4 se determina el riesgo ecológico relacionado con el uso de un 
agente de limpieza de costas, CytoSol, seleccionado por su eficacia y toxicidad y se 
proponen criterios de aplicación. La toxicidad de la escorrentía generada tras una 
aplicación de CytoSol e hidrolavado de una superficie rocosa en el campo sirvió de base 
para diseñar una respuesta efectiva y de bajo riesgo ecológico.  
Se utilizaron bioensayos embrio-larvarios con el erizo de mar P. lividus y el mejillón 
Mytilus galloprovincialis a 48 horas, así como con neonatos del misidáceo Siriella 
armata a 96 horas, para evaluar las toxicidades agudas de los siguientes preparados: 1) 
el agente de limpieza de costas CytoSol; 2) la fracción acomodada conjunta de CytoSol 
y un crudo ligero; 3) la escorrentía de un tratamiento con CytoSol a escala piloto, de un 
sustrato rocoso litoral impregnado con restos del fuel derramado por el Prestige 
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(noviembre, 2002). El mejillón fue el organismo más sensible en todos los casos (EC50 = 
8 µL/L para CytoSol y 64,3 mL/L para la escorrentía) y el misidáceo el de menor 
sensibilidad (EC50 >200 mL/L para la escorrentía). La concentración sin efecto predicho 
(PNEC) se calculó a partir de la NOEC de la especie más sensible a la escorrentía. La 
concentración ambiental predicha (PEC) se estimó a partir de un modelo de dilución 
simple y prudencial, y el cociente PEC/PNEC se calculó en función del área tratada y de 
los diferentes valores de las variables consideradas en el modelo. 
Los valores de PEC y PNEC estimados hacen referencia a manchas de fuel muy 
degradadas y de espesor muy reducido. Dado que la cantidad de CytoSol empleado 
depende de la masa de petróleo por área, en una situación diferente (p.e., rocas 
impregnadas con petróleo fresco) tanto el volumen de CytoSol requerido como la 
toxicidad de la escorrentía serán diferentes. Sin embargo, creemos que la metodología 
desarrollada es generalizable a la aplicación de cualquier agente de limpieza de costas.
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II. INTRODUCTION. 
Oil spills on the Galician coast 
The total number and volume of tanker spills have declined markedly since the 1970s 
(Burgherr, 2007). However, some areas next to major maritime transport routes still 
show a high frequency of accidents (Burgherr, 2007). In fact, the Galician coast, with 
important fishery, shellfish and aquaculture resources as well as environmentally 
sensitive areas, is subject to intense traffic along the Traffic Separation Scheme (TSS) 
of Fisterra. Oil spills larger than 50,000 t were recorded in Galicia in the years 2002 
(Prestige), 1992 (Aegean Sea), 1978 (Andros Patria) and 1976 (Urquiola); and in the 
range of 10,000 to 50,000 t in 1970 (Polycommander), 1968 (Spyros Lemnos), 1965 
(Yanxilas) and 1957 (Janina) (MAGRAMA, 2013). After the Prestige oil spill in 2002 
some modifications to the TSS of Fisterra were carried out: a) an increase in the number 
of traffic lanes and b) the external traffic lanes were dedicated to vessels carrying 
dangerous cargo in bulk. Nevertheless, these safety measures do not indicate that the 
risk of an oil spill similar to what happened in 2002 have been eliminated, so the need 
for effective response options to minimize adverse environmental impacts of an oil spill 
still remains in force. 
Oil and assessing biological effects after an oil spill 
A crude oil is a complex mixture of tens of thousands of individual hydrocarbons and 
nonhydrocarbons (Wang and Stout, 2007). Petroleum products are obtained in refineries 
by: a) fractionation, separating a crude oil into “cuts” by boiling points; b) conversion, 
cracking larger molecules into smaller ones; and c) finishing, that involves blending and 
reducing mercaptan content (Wang and Stout, 2007). Hydrocarbons, composed entirely 
of carbon and hydrogen, represent about 97% of most petroleums, whereas the 
remaining 3% are minor elements (nitrogen, sulphur and oxygen) (NRC, 2003). The 
major classes that constitute an oil are saturates (alkanes, cycloalkanes), oleofins, 
aromatic hydrocarbons (mono- and polycyclic) and polar compounds. The polarity of 
the latter is a result of bonding with heteroatoms (N, S, O) and they are classified into 
resins of smaller molecular weight and asphaltenes of larger molecular weight (NRC, 
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2003). The viscosity, density and solubility in water of a crude or petroleum product, 
which are related to the relative proportions of the major classes stated above, will 
determine the behaviour and fate of an oil spill. Weathering processes start immediately 
after the release and modify the original physical and chemical characteristics of 
petroleum. These processes include: evaporation, dissolution, microbial oxidation, 
photooxidation, spreading, emulsification, dispersion, sedimentation and/or sinking. 
The consequences of weathering on different oil products and crudes are summarized in 
Table II.1. 
Table II.1. Processes that occur during oil weathering after an accidental spill (NRC, 
2003). 
Input type Persis-
tence 
Evapo-
ration 
Emulsifi-
cation 
Dissoluti
on 
Oxida-
tion 
Horizontal 
transp. 
Vertical 
transp. 
Sedimen
-tation 
Shoreline 
stranding 
Tarb
alls  
Gasoline Days H NR M L L L NR NR NR 
Kerosene, 
diesel, light 
fuel oil 
Days M L H L M H L L NR 
Crudes Months M M M M M M M H M 
Heavy 
Distillates  
Years L M L L H L H H H 
Note: H high; M, moderate; L, Low; NR, not relevant 
 
Aliphatic hydrocarbons have low toxicity and solubility, so they are less important 
than aromatics regarding their potential effects. The acute toxic potential of an aromatic 
compound depends on its solubility, which decreases with molecular weight, and acute 
toxicity, which increases (lower EC50) with the value of the octanol-water partition 
coefficient (Kow) or its molecular weight. The toxic potential of monoaromatic 
compounds is important in the first stage of a spill due to their high solubility and 
moderate acute toxicity. The toxic contribution of PAHs increases with weathering (Di 
Toro et al., 2007). PAHs can also have specific modes of action following chronic 
exposure, resulting in developmental toxicity or carcinogenicity (NRC, 2003; Billiard et 
al., 2008).  
The weathering process involves a loss of saturates and aromatics from the original 
oil (Table II.2), a decrease in the proportion of compounds resolved by gas 
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chromatography, and a significant increase in the unresolved complex mixture (UCM) 
(Aeppli et al., 2012; Wang and Stout, 2007).  
Table II.2. Composition (%) in saturates, aromatics, polars (also known as resins) and 
asphaltenes from the oil spill generated after the explosion of the Deepwater Horizon oil rig in 
April 2010. Source: Aeppli et al. (2012). 
Sample Well sample Surface samples Sand patties Rock scraping  
Date April 2010 May-June 2010 April-July 2010 July 2011 
Saturates  62 %  22-49 %  34-38 %    8-25 % 
Aromatics  31 %    6-26 %    5-11 %    2- 7 % 
Polars    6 %  12-27 %  18-24 %  16-28 % 
Asphaltenes    1 %    4-45 %  31-42 %  44-67 % 
 
The spilled oil can cause physical effects and chemical toxicity. Physical effects 
include coating asphyxiation and death of birds from hypothermia due to loss of 
waterproofing in their plumage. The toxic effects of oil can be reflected in the different 
levels of biological organization. Lethal or sublethal toxicity on organisms (inhibition of 
growth and reproduction, deformities) disrupt the structure and function of marine 
communities and ecosystems (NRC, 2003). The Exxon Valdez spill is a well-studied 
case in which large reductions in dominant grazing limpets and periwinkles, blue 
mussels and balanoid barnacles were reported as well as colonization by ephemeral 
algae and opportunistic barnacles (Peterson, 2001). The populations of seabirds may 
also be indirectly affected due to reduced prey availability, which results in a decrease 
in their reproductive success (Velando et al., 2005).  
Scientific monitoring programmes after an oil spill are intended to assess both short 
and long term effects on ecosystems and to guide decision-making for future actions. 
(AMSA, 2003). Evaluating the damage to a marine ecosystem is a complex task that 
requires identifying a reference state with which to compare the affected system, 
integrate the spatial and temporal variability associated with the ecosystem and the spill, 
and define the degree of departure that constitutes an impairment. The hydrocarbon 
concentrations measured in environmental samples and the dose-response relationships 
obtained in toxicity bioassays in the lab provide a basis for assessing whether the 
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measured quantity is sufficient to produce toxic effects and extrapolate the effects from 
the lab to the field (Suter II, 2007). 
The response to oil spills 
The response to an oil spill is conditioned by the available human and material 
resources as well as the preparation for such a contingency. The stages of response 
preparation are the following: planning (hazard identification, vulnerability analysis, 
risk assessment, evaluation of response technologies and development of a strategy), 
implementation (resource acquisition, training and competence assessment) and 
maintenance of the preparation level (maintaining, monitoring and improving) (IOSC, 
2008). In Galicia, the response to oil spills is regulated by the National Safety and 
Maritime Rescue Plan for 2010–2018 (Plan Nacional de Seguridad y Salvamento 
Marítimo 2010/2018, PNS2010/2018), the National Oil and Hazardous Substance 
Pollution Contingency Plan and the Regional Contingency Plan of Galicia (Plan 
Territorial de Continxencias por Contaminación Mariña Accidental de Galicia, 
CAMGAL) (INTECMAR, 2013). 
An operational monitoring programme provides information of direct relevance to 
spill response operations in order to minimize the impact on socioeconomic and 
environmental resources (AMSA, 2003). The response methods used before the spill 
impacts the shoreline (barriers, sorbents, skimmers, in situ burning, dispersants) differ 
from those employed after (manual or mechanical cleaning, sorbents, water flushing, 
barriers, bioremediation, sand blasting and shoreline cleaning agents). Each of these 
methods has advantages and disadvantages, and needs to be compared to natural 
recovery, which cannot be a priori excluded, where no action is taken (Aurand et al., 
2000). No single method is completely effective or valid for all situations, so the 
tendency is to evaluate the use of the maximum number of available tools (Aurand et al. 
2000).  
Spill treating agents (STAs) –dispersants and shoreline cleaning agents (SCAs)– are 
tools whose validity is conditioned by their efficacy and toxicity.  
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Applying dispersants by boat or aircraft on an oil layer aims to disperse the 
petroleum into the water column as well as to prevent hydrocarbons from reaching the 
coast, where the cost of cleaning and the economic impact (and the media repercussion) 
increase significantly. The viability of the dispersion depends on the type of oil – more 
viscous oil is less dispersible – and the time elapsed since the spill, because 
emulsification hinders dispersion. In some states in the USA the use of dispersants 
outside certain distance from the shoreline (usually 3 nautical miles) and at minimum 
predetermined depths (10 m) is authorized; although they are not commonly used due to 
the short period of time in which they are effective (1–2 days) (NRC, 2005). 
SCAs are products recommended for removing stains of weathered crude or heavy 
fuel oil stranded in supratidal or intertidal zones. Their use is conditioned by the loss of 
effectiveness of other techniques (water washing and/or bioremediation) and the 
approval of the competent authority (Figure II.1). Applying an SCA involves: 1) 
spraying it onto the oil stains; 2) a soak time, wherein cleaning agents act to minimize 
oil adhesion; and 3) washing with water (Walker et al., 1999). SCAs usually contain 
surfactants, although they differ from dispersants in their lipophilic-hydrophilic balance, 
~10 for dispersants and >10 for SCAs, and their mechanism of action, detergency for 
SCAs and dispersancy for dispersants (Fingas, 2011; Fingas and Fieldhouse, 2011). The 
application of SCAs to remove oil is less common than using dispersants. 
However, the application of a SCA with restrictions as to the treated area and the 
timing of applications between adjacent areas should produce mixed concentrations of 
oil and the chemical agent in the water column with minimal negative environmental 
effects. In other words, it may be possible to reduce the risk of harm to an acceptable 
level by defining the rate at which the ecosystem receives the release of oil and SCA. 
The factors supporting the use of SCAs compared to other response techniques are: 1) 
its controlled application should not involve ecological risk, 2) it is an effective tool 
against weathered oil stains and 3) it is less expensive or more efficient than 
bioremediation or high-pressure water washing. On the other hand, the factors against 
its use include: 1) it is more expensive compared to natural recovery, 2) the  
Introduction  
 
14   II. Introduction 
Is oil heading towards a sensitive area
Have traditional ‘on shore’ response 
actions been considered?
Is the oil amenable to treatment with 
SCAs?
Have necessary regulatory approvals been 
obtained?
Can the SCAs be applied safely and 
effectively?
Is the treatment effective?
Has the objective been successfully 
achieved?
Job done
Traditional ‘on shore’ response options:
 Shoreline protection (sorbents, 
barriers)
 Shoreline cleanup (manual / 
mechanical recovery, water washing  
or bioremediation)
 Monitor / natural recovery
Develop a SCA plan & apply
No
No
No
No
No
Yes
Yes
Yes
Yes
Yes
Continue
No
Yes
 
Figure II.1. Decision-making diagram on the use of shoreline cleaning agents. Adapted 
from AMSA (2013).  
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lack of legal regulation, and 3) it has a negative social perception associated with the 
use of dispersants. Therefore, the use of SCAs on the coast is largely conditioned by a 
rigorous ecological risk analysis and an appropriate communication policy. 
The products approval 
At present, the use of a chemical agent for oil spill treatment should be provided for 
in national or regional contingency plans. The experience in Spain with the use of 
dispersants or STAs is still limited. PNS2010/2018 proposes a homologation policy on 
the use of dispersants and includes investments for their provision. The CAMGAL 
provides a map of oil spill risk calculated on the basis of hazard (occurrence probability 
× spill volume) and socioeconomic and environmental coast vulnerability (Annexes 
II.2.1 and II.2.2 of CAMGAL). This regional plan is the basis for designing a response 
strategy and for making decisions on shoreline clean up methods (INTECMAR, 2013). 
The CAMGAL also regulates the development of a dispersant use policy, which should 
take into account the risk of environmental damage (Annex V.1). However, the use of 
dispersants or SCAs is not covered by the Galician Atlas for shoreline clean up (Annex 
V.4 of CAMGAL). 
Usually, approving a product as a dispersant or SCA involves conducting toxicity 
standard bioassay and efficacy tests, as well as complying with the approval criteria 
established in each country’s rules (USEPA, 2009; Kirby, 2011). This is because 
efficacy and toxicity are important characteristics for making decisions on the use of 
chemicals in an oil spill. Approving a compound as a dispersant or for treating oil-
impregnated rock surfaces in the UK implies the evaluation of: a) mortality of the 
brown shrimp Crangon crangon exposed to mechanically dispersed oil and chemical 
agents; and b) mortality of the limpet Patella vulgata on a surface treated with the 
chemical (Kirby, 2011). 
The inclusion of a dispersant in the list of products authorized in the U.S. 
contingency plan is conditioned on its ability to disperse at least 45% of two crude oils 
(South Louisiana and Prudhoe Bay) in the swirling flask test (NRC, 2005). 
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Previous experience in the evaluation of the efficacy of SCAs  
The group on Recycling and Valorisation of Waste Materials (IIM-CSIC), involved 
in bioremediation processes on the Galician coast after the Prestige disaster, developed 
a method based on image analysis to evaluate the remaining heavy fuel oil on granite 
tiles treated with chemicals followed by water washing (Murado et al., 2008). Three 
dispersants (Agma OSD 569, Finasol OSR 51 and OD4000) and a SCA (CytoSol) were 
selected for their efficacy in treating experimental surfaces among a total of 25 
chemicals tested.  
The battery of bioassays for toxicological evaluation  
The basis of a toxicological evaluation is a quantitative relationship between the dose 
and the measure of damage to an organism or group of organisms, generally studied in 
the lab. The effects assessment of a substance involves the use of organisms belonging 
to different species, since the effects can be highly dependent on the species and the 
toxic chemicals studied; due to this, the environmental relevance increases with the 
number of species tested. However, a trade-off is required between the degree of 
certainty of the toxicological assessment and available time and resources. 
The technical guide for chemical risk assessment for REACH implementation 
(ECHA, 2008a; European Union, 2006) establishes that evaluating effects in an aquatic 
ecosystem involves obtaining the conventional ecotoxicological parameters (see Figure 
II.2) by using acute or chronic tests on species belonging to different trophic levels. The 
simplest approach mentioned in this guide requires assessing the acute toxicity (EC50) in 
three organisms from three trophic levels. 
The method of species sensitivity distribution (SSD) is based on the assumption that 
the parameter distribution (EC50, NOEC) for a set of species in an ecosystem follows a 
lognormal distribution, and that it is possible to estimate the concentration affecting 5% 
of the considered species (HC5) (Suter II, 2007). The SSD method requires information 
from toxicity tests on a large number of species (at least 8); thus, its use is restricted to 
estimating water quality standards where a high degree of reliability is required. This 
approach is not valid when assessing the toxicity of an effluent of unknown 
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composition. In these cases it is more common to use a set of standard toxicity tests on 
different species and an uncertainty factor to predict the effects on the ecosystem. 
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Figure II.2. Example of experimental data corresponding to an inhibitory response 
measured at different concentrations of a chemical (points), dose-response curve (line) and 
the obtained toxicological parameters: No observed effect concentration (NOEC), Lowest observed 
effect concentration (LOEC), effective concentration giving 10 % inhibition (EC10) and median 
effective concentration (EC50). 
Data extrapolation in ecotoxicology 
A toxicity bioassay provides a direct measure of the effects of a substance. The final 
goal of the toxicity evaluation is to predict ecosystem-level effects. Some uncertainties 
are related to extrapolating the effects observed in a test and applying them to an 
ecosystem or a “real world” situation: from lethal to sublethal effects, from direct to 
indirect effects, from different levels of biological organization (cell to organism, 
individual to populations, from one species to another, species to communities, from an 
ecosystem to another…), temporal and spatial variability, synergistic or antagonistic 
effects, etc. Toxicological approaches for describing the effects of potentially toxic 
substances at higher levels of biological organization (microcosms, mesocosms) are less 
standardized and more expensive than tests corresponding to lower levels of biological 
organization. 
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Acute toxicity bioassays are faster and less expensive than chronic tests and their use 
is widespread. In contrast, chronic bioassays are commonly associated with a higher 
cost and degree of realism, because organisms are exposed to the chemical for a 
significant portion of the life cycle of the organism. The effects measured in acute 
toxicity tests can be extrapolated to chronic toxicity by dividing the value of the 
effective exposure level of the acute test by a factor denoted as the acute-to-chronic 
ratio. 
The use of uncertainty or assessment factors (AF) is the most common method to 
extrapolate the results obtained for a substance in a toxicity test and estimate a safe 
level. The magnitude of the assessment factor is based on previous experience and 
expert judgment and diminishes as: quantity of test data increases and similarity to field 
conditions increases. The concentration value derived by means of this factor is 
considered safe but cannot be clearly associated with a particular level of effect, and its 
scientific basis is weak (Suter II, 2007). The technical guidance document on risk 
assessment provides different assessment factors to derive a predicted no effect 
concentration (PNEC) depending on the available toxicity data set (European 
Commission, 2003). For example, using an AF of 100 and taking NOEC as an 
estimation of the toxicity threshold, PNEC=NOEC/100. 
Toxicities of chemical mixtures  
Methods for assessing the toxicity of a mixture of chemical compounds can be 
classified into: whole mixture approaches, in which the toxicity of the mixture is 
assessed as a whole, and partially (e.g., mixture fraction) or component-based 
approaches, in which toxicity is predicted based on knowledge of the concentrations and 
toxicities of the individual compounds and use of a model to predict the joint toxicity 
(Ragas et al., 2011). Knowledge of the individual effects of the compounds contained in 
the mixture, their concentrations and the complexity of the mixture determine the choice 
of the most appropriate method. A whole mixture approach is particularly useful when 
the composition is constant (e.g., Aroclor) and it can be evaluated as an individual 
compound. However, mixtures of unknown composition, poorly characterized or 
variable in time or space (e.g., the toxicity of an industrial effluent) should be tested at a 
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time. Component-based approaches are extensively used in well-characterized mixtures 
composed of a very small number of chemical compounds (Ragas et al., 2011). 
Describing the effects of a toxic mixture usually involves the use of two reference 
models: concentration addition (CA) and independent action (IA). The level of 
confidence in the predictive ability of one or the other model depends on the 
compounds’ characteristics; if two agents have similar properties and the same mode or 
mechanism of action, CA is expected to have the greater predictive ability, while if the 
compounds’ properties are dissimilar, the IA model is a better option (SCHER et al., 
2012). If the composition of the mixture is known, joint toxicity can be predicted in the 
former model by adding the toxic units (TU) corresponding to each compound, where 
TU=concentration/EC50. According to current knowledge, the toxicities of dissolved 
hydrocarbons have additive effects, but it is unclear if synergistic effects occur between 
dissolved and dispersed oil (NRC, 2005).  
Ecological risk assessment 
Risk assessment is a technical support for decision-making under conditions of 
uncertainty (Suter II, 2007). Ecological risk assessment (ERA) is the process that 
evaluates the likelihood that adverse ecological effects may occur or are occurring as a 
result of exposure to one or more stressors (USEPA, 1998).  ERA is used to evaluate 
adverse future effects (a priori or prospective) or possible toxic effects when the 
chemical is already present in the environment (a posteriori or retrospective). It has a 
systematic nature and consists of distinct phases defining the process, including: a) 
planning, which determines the objectives and management options, complexity and 
nature of the risk assessment; b) problem formulation, by defining environmental values 
to preserve, integration of the available information and the development of a 
conceptual model; c) analysis, in which characterization of exposure and effects is 
performed; and d) risk characterisation, in which the results of the previous step are 
used to quantitatively estimate the risk and associated uncertainties and reported for the 
decision-making process (Suter II, 2007). 
The hazard or risk quotient is the most common method for risk estimation and it is 
based on dividing the estimates of exposure, or predicted environmental concentrations 
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(PEC), by a toxicological benchmark concentration, also known as the PNEC 
(European Commission, 2003). This approach is purely deterministic because PEC and 
PNEC are both point estimates (Figure II.3). In the probabilistic method it is assumed 
that exposure as well as toxic effects follow a known statistical distribution function and 
the risk () can be calculated as the integral of the product of the probability density 
function of exposure concentration and the cumulative distribution of effects (Figure 
II.3) (Van Straalen, 2001). This latter method incorporates the variability and 
uncertainty more realistically than the quotient method and it also has a greater 
predictive ability. However, the calculation of probabilities may not be clear or easy for 
the risk assessor; in these cases it is advisable to use a less complex analysis (Suter II, 
2007). The communication process of ecological risk assessment to decision makers, 
stakeholders or the public involves a simplification of the provided information. Due to 
this, the use of probabilities is avoided and the risk calculated using probabilistic 
methods is usually simplified on the basis of a dichotomous criterion. For example, 
according to Suter II (2007), the risk is significant if the 90th percentile of the 
distribution of the concentration exceeds the 10th percentile of the SSD. 
 
Probabilistic method Semi-probabilistic Deterministic method 
PEC and Effects distributed Effects distributed PEC and PNEC constant 
 
 = 0.08  = 0.05  
15 HCPEC /  15 HCPEC /  1PNECPEC /  
Figure II.3. Graphical representation of different methods for calculating the ecological 
risk using probabilistic () or deterministic methods (the hazard quotient). p (c) is the 
probability density function of exposure, N (c) is the cumulative distribution of effects 
(SSD), PEC  is the mean of the PEC distribution. Adapted from Van Straalen (2001). 
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III. OBJECTIVES 
The main goal of this thesis was to study the toxicity of four STAs effective in 
removing oil adhered to a granite rock on different groups of organisms (bacteria, algae, 
sea urchin). 
In the first place, a bivariate model was developed in order to improve the evaluation 
of the effects of a chemical toxicant on different phases of microbial growth. Its 
mathematical formalization and validity were checked initially by testing the toxicity of 
various heavy metals on bacterial growth; then the model was later extended to 
assessing the inhibitory effects of STAs on microalgal and bacterial growth. 
The next step focused on a study of the toxicity of petroleum itself. The effects of 
two relevant weathering processes, evaporation and photooxidation, on oil toxicity were 
taken under consideration. This is why artificial weathering of two oils, Angolan crude 
oil and heavy fuel oil, was performed and the toxicity of the oil and its fractions 
assessed by the sea urchin embryo test.  
To investigate additive, synergistic or antagonistic effects among complex mixtures 
of hydrocarbon compounds, fractionation of a Maya crude oil into aliphatic, aromatic 
and polar compounds was executed and the toxicities of binary mixtures of each 
fraction were assessed using the sea urchin embryo test. The experimental response 
surfaces were described using the reformulated Weibull model for single dose-response 
relationships, as well as the concentration addition and independent action models for 
the joint toxicity of the binary mixtures. 
The toxicities of the mixtures of STAs and Maya crude oil were evaluated using a 
similar formal approach to that previously mentioned. The effect of different STA to oil 
ratios on the composition and toxicity of the aqueous phase were also investigated. 
Finally, a STA (CytoSol) was selected and sprayed onto a rocky substrate 
impregnated with weathered fuel oil from the Prestige. A safe protocol in terms of the 
area treated with the product and the period between applications was proposed to 
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achieve a trade-off between effectiveness and low ecological risk in the environment 
receiving the release. 
Briefly, the partial objectives from each section of the present study are described 
below: 
 Development of a mathematical model for evaluating the effects of a toxic 
chemical on different phases of microbial growth. 
 Toxicity assessment of four STAs, selected for their efficiency, upon 
representative taxonomic groups corresponding to three trophic levels 
(decomposers, primary producers and primary consumers). 
 Evaluation of the toxic effect of oil weathering using artificial techniques that 
simulate the photo-oxidation and evaporation in the environment. 
 Characterization of the additive, synergistic or antagonistic effects of binary 
mixtures of aliphatic, aromatic and polar fractions of a Maya crude oil. 
 Assessment of the joint toxicity of oil and STAs. 
 Design of a response strategy using SCAs in order to minimize the ecological 
risk associated with their use on the coast. 
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IV. GENERAL METHODOLOGY. 
The methods that are common to more than one chapter are presented below.  
1. TOXICITY BIOASSAYS. 
1.1. BACTERIAL ASSAY 
 MICROORGANISMS, CULTURE MEDIA AND INCUBATION 
CONDITIONS 
Microorganisms from different habitats (marine and terrestrial), metabolic 
characteristics (homo and heterofermentative), cell wall structure (Gram-positive and 
negative) and behaviour (free, opportunistic parasite, probiotic) have been used for 
toxicological assessments. 
Table IV.1. Marine and LAB bacteria used 
   
Bacteria Strain Characteristics 
      
Pseudomonas sp. CECT 4355 Marine / Gram (-) / free 
Phaeobacter sp. 27-4* Marine / Gram (-) / free / probiotic 
Listonella anguillarum 90-11-287** Marine / Gram (-) / opportunistic parasite 
Leuconostoc mesenteroides subsp. lysis HD-IIM_1 LAB / Gram (+) / free / heterofermentative 
Carnobacterium piscicola CECT 4020 LAB / Gram (+) / free / homofermentative 
      
CECT: Spanish Type Culture Collection (University of Valencia, Spain). 
HD-IIM: Department Animal Science, University of Wyoming (Wyoming, USA) 
*Phaeobacter 27-4 was initially identified as Roseobacter 27-4 (Hjelm et al., 2004; Martens et al., 2006). 
**Listonella anguillarum was isolated from rainbow trout and initially defined as Vibrio anguillarum  (Skov 
et al., 1995). 
 
 
Table IV.1 summarizes the basic features of all the evaluated bacteria. Phaeobacter 
sp. and Listonella anguillarum were kindly provided by Dr. Lone Gram (DTU Aqua, 
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Denmark) and Dr. Harry Birkbeck (University of Glasgow, UK), respectively. L. 
mesenteroides was supplied by Dr. B. Ray (University of Wyoming, Laramie, USA). 
Stock cultures of LAB and marine bacteria were kept at –80ºC in commercial MRS 
and marine medium, respectively, with 25% glycerol (Vázquez et al., 2004a; Cabo et 
al., 2001), respectively. Marine medium were provided by Difco (Becton, Dickinson 
and Company, MD, USA) and MRS medium by Pronadisa (Hispanlab S.A., Spain), 
both prepared under manufacturer specifications. 
Inocula (0.7% v/v) consisted of cellular suspensions from 14-h cultures on MRS and 
marine media adjusted to a 700 nm absorbance (A700) of 0.600 for marine bacteria and 
0.900 for LAB. Fermentations were carried out in triplicate using 300 mL Erlenmeyer 
flasks with 150 mL of culture medium containing 1 mL of the corresponding inoculum 
and the volume of the concentrated heavy metal solution necessary to obtain the fixed 
final concentration. Experiments were performed with orbital shaking at 200 rpm and 
22ºC (L. anguillarum, Phaeobacter sp.), 27ºC (Pseudomonas sp.) and 30ºC (L. 
mesenteroides, C. piscicola).  
1.2. SEA URCHIN ASSAY 
The sea urchin embryo test was performed in accordance with the method of Saco-
Álvarez et al. (2010). Gametes of Paracentrotus lividus were obtained by dissection of 
two adult sea urchins and their maturity (ovum sphericity and sperm mobility) checked 
with a microscope. The ova were transferred to a 100-mL graduated cylinder containing 
0.22 µm filtered seawater (FSW) (5-10 ova/μL), a few drops of sperm (30-100 μL) 
taken from the male gonad were added through a Pasteur pipette, and the mixture 
shaken gently to facilitate fertilisation. The fertilisation rate was determined in a 
Sedgewick-Rafter counting chamber in quadruplicate (n=100), as the proportion of eggs 
with a fertilisation membrane (> 97%). Within 30 minutes, the fertilised eggs were 
transferred to vials with 4-10 mL of FSW dosed with the oil or STA to be tested. Each 
vial received 40 eggs per mL and each dose was performed in quadruplicate. 
The eggs were incubated in the dark at 20 ºC for 48 hours, and the larvae fixed by 
adding a few drops of 40% formalin. In each vial the maximum length of 35-45 
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individuals was measured using an inverted microscope and Leica QWIN image 
analysis software, version 3.4.0 (Leica Microsystems, Germany). The inhibition of 
growth in length was quantified as: 
 
0
1

 

i
i
L
R
L
 (IV.1) 
where L0 and Li are the mean length increases in control and the i
th
 dose, 
respectively. 
2. DOSE-RESPONSE MODEL. 
The preference for the cumulative function of the Weibull distribution as a Dose-
Response (DR) model has been argued in previous works (Riobó et al., 2008a; Murado 
and Vázquez, 2010). If the original function is multiplied by an asymptotic value K, it 
can account for the possibility of low toxic bioavailability, resistant subpopulations or 
other conditions, relatively frequent in DR tests that can produce less than 1 asymptotes. 
It is also appropriate to reparameterize the equation to make explicit the dose for 
semimaximum response (m), which simplifies the assignment of initial values and the 
calculation of the confidence interval using the appropriate statistical software. It should 
be noted that the ED50 or EC50 (effective dose or concentration for 50% of the tested 
population) only coincides with m when K=1 (Figure II.2). Assuming that the response 
increases with dose, we will use the following formula, which we will denote by 
m
W: 
 1 exp ln 2
a
D
R K
m
    
     
     
; or briefly:  ; , ,mR W D K m a  (IV.2) 
where R is the response (with K as maximum value), D is the dose, m is the dose 
corresponding to the semi-maximum response and a is a shape parameter related to the 
maximum slope of the response.  
To directly obtain the confidence intervals of doses with responses differing from the 
semi-maximum response, Equation (IV.2) was reparametrized to make explicit the 
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corresponding dose. For example, for the concentration EC10 with the response 
equivalent to 10% of the maximum (Figure II.2), we do R=0.1K: 
 100.1 1 exp ln 2
EC
K K
m
    
     
     
  
which, with a little algebra, leads to equation: 
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1 exp ln 0.90
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    
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 (IV.3) 
3. GROWTH MODEL. 
A widely accepted model for the macroscopic description of the microbial growth 
kinetics is the logistic equation (Mercier et al., 1992; Wachenheim et al., 2003; Vázquez 
et al., 2005b), an advantage of which is the direct biological meaning of its parameters. 
This model describes the biomass variation versus time (growth rate v) by means of the 
following differential equation: 
 
m
m
m
X XdX
v X
dt X

 
   
 
 (IV.4) 
where X is the biomass (with Xm as asymptotic maximum), t the time and m the 
maximum specific growth rate or biomass increase per biomass unit and time unit 
(dimensions t
–1
). When this differential form is integrated with respect to time, for 
initial values t=0, X=X0, the explicit expression is obtained: 
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(IV.5) 
For the purposes of our study, it is pertinent to reparameterize this basic form to 
make explicit other parameters more appropriate in some cases. This requires taking 
into account that the maximum rate (vm) is the slope of the tangent to the function at the 
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inflection point and that the lag phase () can be defined by the intersection of that 
tangent with the time axis (Zwietering et al., 1990; Vázquez and Murado, 2008a). The 
relationship between  and vm thus established can involve a not very realistic 
restriction in some cases. An alternative time parameter is the time ( ) required to 
achieve the half of the maximum biomass. Five reparameterizations (L1 to L5) of (IV.5) 
are shown in Table IV.2, and their calculation is detailed below. 
Table IV.2. Five reparametrizations of the logistic equation as growth model. X0: initial 
biomass, Xm: maximum biomass, µm: maximun specific growth rate, vm: maximum growth 
rate, : lag phase,  : time for semimaximum biomass. 
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The explicit form of the logistic equation (IV.5) can be written as follows: 
 
 1 exp
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 (IV.6) 
For determining the maximum growth rate it is necessary: 1) to obtain the abscissa 
() of the inflection point, by isolating it from the expression that results by equating the 
second derivative of the function to zero; 2) to insert the value  in the first derivative of 
the function. The results are: 
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  (IV.7) 
For determining the lag phase, it must be kept in mind that the ordinate of  is K/2. 
Thus, the equation of the tangent at the inflection point and its intersection () with the 
abscissa axis are: 
  
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  (IV.8) 
Thus, the reparametrized logistic equation, with explicit vm and , requires to isolate 
m and c in (IV.7) and (IV.8) respectively, and to insert the corresponding values into 
(IV.6): 
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(IV.9) 
Moreover, by inserting X= Xm/2 in (IV.6), we obtain c=µm, where  (abscissa of the 
inflection point) is the time needed to reach the semimaximum biomass. By replacing c 
by µm in (IV.6) we obtain another reparameterized form: 
  1 exp
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 (IV.10) 
Or, in general, to make explicit the time q necessary to achieve a proportion q of the 
maximum biomass: 
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(IV.11) 
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4. NUMERICAL METHODS 
Fitting procedures and parametric estimations from the experimental results were 
performed by minimisation of the sum of quadratic differences between observed and 
model-predicted values, using the nonlinear least-squares (quasi-Newton) method 
provided by the macro ‘Solver’ of the Microsoft Excel XP spreadsheet. Subsequently, 
confidence intervals from the parametric estimations (Student’s t test) and consistence 
of mathematical models (Fisher’s F test) were determined using DataFit 9 (Oakdale 
Engineering, Oakdale, PA, USA), with the freely available ‘SolverAid’ macro 
(http://www.bowdoin.edu/~rdelevie/excellaneous/ ) or Statistica 6.0 software (StatSoft 
Inc., Tulsa, OK, 2001). 
The extra sum-of-squares F test and the Akaike´s information criterion (AIC) were 
used for comparing models (Motulsky and Christopoulos, 2003). The F-test is only 
valid for nested models ((IV.2) vs. (1.1)) and is based on statistical hypothesis testing 
while AIC allows to perform model comparisons among non-nested models (e.g., CA 
vs. IA) and is based on entropy concept. Either F or AIC statistics summarize goodness-
of-fit as residual sum of squares (RSS) against the number of parameters (p) for the 
same data set (n) with the aim of avoiding overfitting. 
The F statistic is given by: 
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a b
b
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 (IV.12) 
where RSSa and RSSb are the residual sum of squares of model a (simpler) and b 
respectively, and dfa and dfb their degrees of freedom. The probability of the F 
distribution can be calculated taking the value of the F-Statistic, dfa-dfb as degrees of 
freedom for the numerator and dfb for the denominator. If the probability is lower than 
0.05 it is accepted that the more complex model describes better the data. 
  
General methodology  
 
30   IV. Methodology 
AIC can be defined as (Motulsky and Christopoulos, 2003): 
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 (IV.13) 
The model with the lowest AIC is the one with the highest likelihood of being 
correct. The relative probability (Pr) of the chosen model being correct between two 
equations a and b can be calculated as indicated now: 
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V. RESULTS 
In Chapter 1, the toxicity of spill-treating agents on different taxonomic groups 
has been assessed. 
The toxicity of petroleum, its fractions and the effect of weathering has been 
investigated in Chapter 2.  
Chapter 3 covers the joint toxicity of spill-treating agents and oil. 
The ecological risk assessment of the use of a shoreline cleaning agent and 
application criteria are detailed in Chapter 4. 
The numbering of Tables, Figures and Equations in the Results section refers to the 
chapter in which it is first mentioned. 
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1. TOXICITY OF SPILL TREATING AGENTS. 
1.1. EFFECTS OF THREE HEAVY METALS ON THE BACTERIAL 
GROWTH KINETICS: A BIVARIATE MODEL FOR 
TOXICOLOGICAL ASSESSMENT. 
 INTRODUCTION 
The microbial culture in a limited medium is a useful tool for assessing the biological 
activity of physical and chemical agents by dose-response (DR) analysis. This tool has 
been applied to goals as diverse as the study of the effect of electric pulses on cell 
viability (Peleg, 1995), quantification of bacteriocins (Vázquez et al., 2004b; Cabo et 
al., 1999), probiotic tests (Vázquez et al., 2005a) or toxicological evaluations (Nyholm 
et al., 1992; Gikas, 2007). The usual procedure in a DR analysis is based on the 
assumption that some quantity calculable from the growth data (some parameter of the 
growth equation, frequently the maximum specific growth rate, m) varies depending on 
the dose according to a sigmoid model (Murado et al., 2002; Riobó et al., 2008b). 
Routine applications in toxicological assessments, such as those described in some legal 
norms, often replace the use of a growth equation with a simpler approach (ISO, 1995; 
ISO, 2006; Strotmann and Pagga, 1996). Thus, it is common to estimate the specific 
growth rate from biomass measured at two points in the exponential phase, accepting 
that the appropriate interval for this measure is the same in the control units as in those 
treated with the chemical (ISO, 2006). Although, in principle, the problem is simple and 
easy for standardize, it has several interrelated difficulties that can lead to questionable 
results and interpretations.  
First, the variations in specific (m) or absolute (vm) maximum growth rate may not 
explain the differences between the kinetic profiles of the control and toxic-dosed 
cultures. This is because the kinetic profile also depends on factors such as yield 
(biomass production/substrate consumption) that the biological entity obtains from the 
carbon and energy sources available, and the duration of the lag phase, that is, the time 
required by the organism to adjust its enzymatic system to environmental conditions. 
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Although these factors represent aspects of the same metabolic system, each factor 
defines a subsystem that can be independently affected by the toxic agent. In other 
words, a substance can affect, independently or not, three parameters of the growth 
equation: maximum growth rate (m or vm), maximum biomass (Xm) and lag phase (). 
As a result, no assessment based on the variation of a single parameter can in general 
explain the disturbance that a toxic substance produces in the biological system tested. 
Moreover, any change in these parameters produces variations in the kinetic profile 
that move in time the location of the exponential phase or change its duration. This 
requires the use of different time intervals with each dose even for the simplified 
calculation of m. Since such intervals cannot be defined a priori, it is necessary that the 
corresponding kinetic profiles, with sufficiently defined phases, should be available. 
Under these conditions, the information required to calculate m can be more efficiently 
used to describe the toxic effect with more realism and less error. 
The term ‘heavy metals’ is «used as a group name for metals and semimetals that 
have been associated with contamination and potential toxicity or ecotoxicity» (Duffus, 
2002). Heavy metals can be classified as essential (e.g., Co, Ni, Cu) or non-essential 
(e.g., Cd, Hg, Pb) depending on whether they have a biological role for microorganisms 
(Bruins et al., 2000). Essential metals have growth stimulatory effects up to a limit 
concentration, with inhibitory effects from this level. Bacteria have adapted to the 
presence of heavy metals in the environment and have developed resistance 
mechanisms (Bruins et al., 2000). Although the type of mechanisms may be more or 
less homologous in all species of bacteria (Ji and Silver, 1995), it is expected to obtain 
different responses to the same toxic concentration for several bacterial species (or 
bacterial groups). For example, lactic acid bacteria (LAB) have been proposed as a 
promising alternative to remove heavy metals from water (Halttunen et al., 2007) and L. 
mesentoroides proved to be an effective metal-binding species (Mrvčić et al., 2009). 
In this work, we propose the use of a bivariate model, as a function of time and dose, 
which combines the logistic equation as a description of growth, with the cumulative 
function of the Weibull distribution as a description of the dose-response relationships. 
This approach was applied to model the effect of three heavy metals (Co, Cd and Ni) on 
 Toxicity of spill-treating agents 
 
  V. Results 35 
biomass production by five microorganisms (LAB and marine bacteria). Our results 
demonstrated the suitability and accuracy of these equations to describe and predict the 
experimental data and to supply parameters, with clear biological meaning, useful for 
toxicological evaluations. 
 MATERIAL AND METHODS 
MICROORGANISMS, CULTURE MEDIA AND INCUBATION CONDITIONS 
This section has been previously explained in general methodology (IV.1.1). 
REAGENTS  
Chemicals, Co(NO3)2.6H2O, Ni(NO3)2.6H2O and Cd(NO3)2.4H2O, were in all cases 
purchased to Sigma (St. Louis, MO, USA). Concentrated solutions of these heavy 
metals were separately prepared and sterilized with steam flow at 101ºC for 1 h. 
Individual concentrations of these chemicals on final culture media were (in mg/L): 0-
control, 3, 6, 9, 15, 24, 40, 64, 100 and 150. For mathematical modelling, these 
concentrations were coded in [0, 1] interval. 
SAMPLING AND ANALYTICAL DETERMINATIONS 
At pre-established times, 2 mL samples were centrifugued at 4,000 g for 15 min. 
Sediments (biomass) were washed and resuspended in distilled water to the appropriate 
dilution for measuring the bacterial growth by A700. In LAB cultures, supernatants were 
used for determining proteins (data not shown), glucose and characteristic metabolites 
from LAB fermentations. 
Soluble proteins were quantified using the method of Lowry et al. (1951). Glucose, 
ethanol and lactic and acetic acids were measured by HPLC in membrane-filtered 
samples (0.22 µm Millex-GV, Millipore, USA) using an ION-300 column 
(Transgenomic, USA) with 6 mM sulphuric acid as a mobile phase (flow = 0.4 mL/min) 
at 65ºC and a refractive-index detector. 
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MATHEMATICAL MODELLING 
Dose-response model 
The model used for describing the dose-response relationships was the Weibull 
equation (IV.2). Apart from the general method proposed, some biphasic profiles were 
fitted to a sum or difference of two equations (IV.2): 
    1 1 1 2 2 2; , , ; , ,
m mR W D K m a W D K m a   (1.1) 
The joint dose-growth model 
When a parameter  of the growth equation drops from a value 0 without toxic 
agent to a value of  in the presence of a given dose of the chemical, the response R of 
this parameter can be defined as: 
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If the response increases the parametric value (>0) we have: 
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In both cases, R represents the equation (IV.2). Thus, when the parameters of the 
logistic equation are made dependent on the dose according to the equation (IV.2), the 
result will be an expression that describes simultaneously all the kinetic series obtained 
in the presence of different concentrations of the toxic chemical. If the 
reparameterization L3 (Table IV.2) is taken as reference, the full model is: 
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  1 ; , ,mm m v v vv v W D K m a       
  1 ; , ,mW D K m a          
This formulation assumes that the toxic action depresses the maximum biomass and 
the maximum growth rate, and prolongs the lag phase, but these assumptions, though 
reasonable, are not strictly necessary. The proposed DR models can describe other 
situations by changing the signs of the terms. If any of the parameter estimates (Ki, mi, 
ai) for the effect of the chemicals on a given parameter of the growth equation is not 
statistically significant, the effect involved is deleted and the model is recalculated. 
When the effects are inhibitory, it is advisable to include the restriction Ki1 to fit to the 
experimental values. This limitation serves to prevent the possibility that, at high doses, 
the growth equation is solved with negative parameters, which has no physical meaning 
and can corrupt the system solution. Such a restriction is not necessary with stimulatory 
effects, since the asymptotes higher than 1 are not problematic here. 
 RESULTS 
PRELIMINARY APPROACH 
The response of Pseudomonas sp. to Cd is an example useful for discussing the 
proposed approach, which requires us to decide on: 1) the parametric form of the 
growth model regarding the use of maximum absolute (vm) or specific (µm) growth rate 
as rate parameter; 2) the calculation method, with two options: 2a) individual fittings to 
the growth equation of the kinetic series corresponding to each dose, and use of model 
(IV.2) to describe the effect of this dose on the growth parameters; 2b) simultaneous 
fitting to an equation (1.4) of all the kinetic series for obtaining the joint solution, once 
the effects that involve some parameter without statistical significance have been 
removed. The results were as follows (Figure 1.1 and Table 1.1): 
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Table 1.1. Parametric estimates and confidence intervals (=0.05) corresponding to the 
response of Pseudomonas sp. to Cd, according to the specified forms of the growth equation 
(see Table IV.2). Rate (vm or µm) and time ( or ) parameters that are pertinent in each case 
are the explicit ones in the used reparametrization. ns: non significant; adj. r2: adjusted 
coefficient of multiple determination. 
      
  L3 individual L3 in (1.4) L4 in (1.4) L5 in (1.4)             
growth Xm 0.8690.049 0.8520.026 0.8460.026 0.8650.034 
model vm - µm 0.0580.011 0.0570.005 0.2650.024 0.0580.007 
  -  5.5651.581 5.2200.731 4.9110.787 12.5230.63
0  adj. r2 0.992 - - -             
effect on Xm Kx 0.6000.152 0.3830.053 0.4050.049 0.9290.039 
 mx 0.0970.066 0.0520.004 0.0570.003 0.1210.016 
 ax 0.9110.664 6.7383.073 7.8006.124 1.4760.266 
 adj. r2 0.889 - - -             
effect on Kv - K 0.9890.095 1.0000.032 ns 0.9960.017 
vm or µm mv - m 0.1250.027 0.1420.021 ns 0.1180.029 
 av - a 1.6020.616 2.2390.772 ns 1.7870.627 
 adj. r2 0.975 - - -             
effect on K - K 6.5110.398 2.7790.772 7.4641.800 1.1020.311 
 or  m - m 0.1720.018 0.0900.007 0.1590.016 0.0890.010 
 a - a 2.5460.735 4.3901.345 2.4780.440 4.0061.386 
 adj. r2 0.991 - - -             
 adj. r2 - 0.992 0.988 0.987 
      
 
Use of vm (equations L3 and L5) 
Individual fittings: Increasing concentrations of Cd caused a decrease of vm and Xm 
values and an increase of  (with L3, Table IV.2) or  (with L5, Table IV.2). All the 
effects could be described (α=0.05) by means of the model (IV.2). The use of  as time 
parameter provided better fittings than. 
Simultaneous fitting: All the parametric estimates were significant (α=0.05), and the 
results of the individual fittings were confirmed. 
These two fitting methods provided almost indistinguishable descriptions of the 
kinetic data, although with some differences in the profiles corresponding to the effects 
of the metal on the parameters of the growth equation. Since the simultaneous fitting 
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involves the assumption that the toxic produces effects that satisfy DR models in all the 
cultures tested –which, in fact, must behave like a unitary system– this option was 
considered preferable to the individual fittings. 
Use of µm (equation L4) 
Individual fittings: Cd depressed the values of µm and Xm and increased . 
Nevertheless, the effect on µm did not obey the proposed model (IV.2). 
Simultaneous fitting: The parameters concerning the effect of Cd on µm (K, m and 
a) were not statistically significant (α=0.05). The model still provided a statistically 
significant description after removing that effect, but there is a disadvantage: since 
vm=µmXm/4 (expression (IV.7)), the elimination of µm involves equal percentual 
responses of vm and Xm, which constitutes an artificial condition. 
Although the variation of µm does not correspond with the profile defined by the 
equation (IV.2), this does not mean that µm is constant. In fact, the effect of Cd on µm 
(obtained by individual fittings to L4, or calculated by means of (IV.7) from fitting to 
L3 or L5) could be described by means of a subtractive bi-sigmoid model (1.1). 
However, the use of (1.1) would create an unnecessary and doubtful complication, since 
the value of µm is highly dependent on the kinetic data at short times, which are very 
sensitive to the experimental error. Under these conditions, the use of vm instead of µm 
as rate parameter seems to be a better solution. This fact does not prevent the use of 
other more appropriate parameters for specific cases. 
THE BIVARIATE MODEL 
The responses observed in the 15 studied cases showed characteristics dependent on 
the species and metals considered (Figure 1.2 and Figure 1.3, Table 1.2 and Table 1.3).   
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Figure 1.1. Top (t as independent variable): growth kinetics of Pseudomonas sp. exposed 
to the specified doses of Cd (mg/L). Doses of 100 and 150 mg/L were omitted because 
growth was completely inhibited. Experimental results (points) and individual (dashed line) 
or simultaneous (solid line) fittings to model (1.4). Middle: effect of Cd (coded doses as 
independent variable) on the parameters of the growth equation in its parametric form L3 
(responses –R– as dependent variables calculated by means of equations (1.2) or (1.3)). 
Parameter values (points), and fittings to equations (IV.2) (dashed line). Natural dose 
(mg/L)=coded dose150. For clarity, confidence intervals were omitted. Bottom: 
Predicted responses of the parameters of model L3 in (1.4) (solid line).   
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In all of them, the use of a model (1.4) led to a statistically significant description. 
Within the range of the tested doses, C. piscicola was remarkably insensitive to Co 
(which only prolonged the lag phase with an effect close to lack of significance), and L. 
mesenteroides was insensitive to Co and Ni (figures not shown). Five cases (Cd on 
Pseudomonas sp., C. piscicola and L. mesenteroides, Co and Ni on Phaeobacter sp.) 
involved changes in the three parameters (Xm, vm and  or  ) of the growth equation; in 
the remaining seven cases the changes affected Xm and vm. Three cases showed 
peculiarities of interest, as detailed below.  
The responses to Cd of C. piscicola and L. mesenteroides could not be described 
using the form L4 as the core of the model (1.4). The reason, mentioned in 
mathematical modelling section, is that real relation between vm and  variations was 
not that assumed by model (1.4). This problem can be solved by means of a 
reparameterization such as L2, where  is not explicit, or L5, with  as time parameter. 
The L5 option led to the best fit in both cases (Table 1.2 and Table 1.3, Figure 1.2 and 
Figure 1.3).  
By representing biomass as a simultaneous function of dose and time (Figure 1.2 and 
Figure 1.3), it was possible to observe an interesting behaviour that it is not easily 
verifiable using 2D figures. The biomass, especially at long times, falls in some cases 
with a stepped shape. Such a shape is expected to be found when the toxic agent affects 
in different way the mechanisms that underlie to the meanings of the different kinetic 
parameters (maximum growth rate, yield and lag phase). Indeed, if the toxic action 
modifies a parameter 1 of the growth equation according to a DR model with moderate 
values of K1, m1 and a1 and a parameter 2 with high values of K2, m2 and a2, the effect 
on 1 will produce a smooth fall of the biomass at low doses and a sharp decline at 
doses near the m2 value. The model (1.4) adequately describes this response, not 
predictable with estimates based on the effect of the chemical on a single parameter. 
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Table 1.2. Parametric estimates and confidence intervals (=0.05) corresponding to the 
specified responses fitted to the model (1.4). Notations as in Table 1.1. 
         
  Pseudomo-
nas sp. 
L. anguillarum C. piscicola 
         
         
  Co-L3 Cd-L3 Co-L3 Ni-L3 Cd-L5 Co-L3 Ni-L3 
                  
growth Xm 0.7640.022 1.3830.023 1.4990.044 1.5270.033 3.0560.079 2.7250.023 2.9710.037 
model vm - µm 0.0690.007 0.2540.049 0.1660.022 0.1680.013 0.3300.045 0.2490.010 0.4030.039 
  -  6.5780.539 5.3370.425 3.3830.538 3.6400.323 10.6040.41
9 
6.8010.279 5.2890.353 
                  
effect  Kx 0.2290.038 0.9840.020 0.5080.029 0.4550.045 0.8100.260 ns ns 
on Xm mx 0.1150.023 0.3150.012 0.0520.003 0.3080.040 0.2980.237 ns ns 
 ax 3.0211.928 5.4010.901 3.9171.171 1.8140.476 0.6930.180 ns ns 
                  
effect on Kv - K 1.0000.032 0.9700.099 0.9760.017 0.7050.564 0.8920.063 ns 0.6920.048 
vm or µm mv - m 0.5910.034 0.0540.028 0.1060.024 0.6320.414 0.0270.014 ns 0.5150.057 
 av - a 3.2720.956 0.4770.104 1.0040.183 2.1652.011 0.4700.140 ns 2.8551.229 
                  
effect on K - K ns ns ns ns 1.2690.203 0.3020.260 ns 
 or  m - m ns ns ns ns 0.0610.015 0.5570.418 ns 
 a - a ns ns ns ns 1.0300.172 1.9021.851 ns 
                  
 adj. r2 0.989 0.992 0.986 0.992 0.992 0.997 0.989 
         
 
Table 1.3. Parametric estimates and confidence intervals (=0.05) corresponding to the 
specified responses fitted to the model (1.4). Notations as in Table 1.1. 
        
  Phaeobacter sp. L. mesenteroides                 
  Cd-L3 Co-L3 Ni-L3 Cd-L5 Co-L3 Ni-L3                 
growth Xm 2.2970.146 2.5410.072 2.4150.052 3.9320.090 3.8790.055 3.9760.025 
model vm - µm 0.3430.149 0.2780.024 0.2840.018 0,5440.062 0.5320.026 0.5100.017 
  -  8.6641.402 6.5640.359 6.5010.275 8.8660.240 5.2910.203 5.3600.150 
                
effect  Kx 1.0000.000 1.0000.000 -0.2530.053 1.0000.000 ns ns 
on Xm mx 0.0880.034 0.6610.434 0.0940.017 0.3630.193 ns ns 
 ax 1.6420.923 0.7680.284 2.3951.076 0.2610.066 ns ns 
                
effect on Kv - K 1.0000.000 0.9110.065 0.8720.120 0.9130.043 ns ns 
vm or µm mv - m 0.0200.010 0.1430.021 0.3480.049 0.1200.022 ns ns 
 av - a 0.9160.241 1.7160.513 1.9560.498 2.0940.780 ns ns                 
effect on K - K ns 3.3911.025 7.6653.931 4.6221.195 ns ns 
 or  m - m ns 0.2160.035 0.4830.053 0.2180.032 ns ns 
 a - a ns 6.3022.551 8.0654.495 2.4130.271 ns ns                 
 adj. r2 0.959 0.997 0.997 0.995 0.995 0.997 
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Figure 1.2. Left: Experimental data of the growth kinetics for the tested bacteria 
(points), and fittings to equation (1.4) (surface). D: coded dose; t: time in hours. For clarity, 
confidence intervals (in all cases less than 5% of the experimental mean value; α=0.05; 
n=3) were omitted. Right: correlation between observed and predicted values. Numerical 
results are summarized in Table 1.2. 
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Figure 1.3. Left: Experimental data of the growth kinetics for the tested bacteria 
(points), and fittings to equation (1.4) (surface). For clarity, confidence intervals (in all 
cases less than 5% of the experimental mean value; α=0.05; n=3) were omitted. Keys as in 
Figure 1.2. Numerical results in Table 1.2 and Table 1.3.  
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It is obvious that the exposure to Cd accelerated the death phase of L. mesenteroides 
cultures (Figure 1.4), but we have not been able to develop an explicit algebraic 
expression that can describe these growth kinetics. Accordingly, the description of this 
case by means of a model of the type (1.4) was carried out excluding biomass values for 
times longer than 34 h. 
 
Figure 1.4. Growth kinetics of L. mesenteroides exposed to Cd, which shows the effect of 
metal on the death phase at times longer than 40 hours. : control, : increasing 
concentrations of Cd (in reverse order to the final values of the ordinate). Lines are merely 
indicative and do not represent fits to any model. For clarity, confidence intervals (in all 
cases less than 5% of the experimental mean value; α=0.05; n=3) were omitted. 
The growth of Phaeobacter sp. in Ni-dosed cultures showed a value of Xm higher 
than the control for concentrations up to 40 mg l
–1
, with a marked drop from this level 
(Figure 1.3). The model (1.4) adequately described this response assuming a negative 
value for the asymptote (Km) of the effect of Ni on Xm (Table 1.3). This means to accept 
that low doses of Ni cause a slight increase in biomass production, which is no longer 
detected at higher doses, where the effects on vm and  are of greater intensity. 
It should be noted that if the toxic effect is typified by means of the ED50, it is 
necessary to provide the values corresponding to all the affected parameters of the 
growth equation. Another option is to consider a single index as a summary of all the 
effects on the biomass produced at a given time. This is the main datum with practical 
interest in operational contexts (effluent treatment, bio-silage, batch fermentation) and 
also provides the most reliable estimate of the expected effects in problems of 
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environmental assessment. Since an important time reference is  (time required to 
achieve semimaximum biomass), the summary index may be defined as ED50, , or dose 
that reduces the biomass by 50% compared to that produced by the control at time  (see 
Table 1.4 and Appendix A). In summary, Cd was the most toxic heavy metal and Ni the 
least toxic chemical in most cases. 
Table 1.4. Parametric estimates of ED50,τ values. 
Strain Toxic ED50,τ (mg/L) 
   Pseudomonas sp. Cd 10.8 
 Co 84.3 
   Phaeobacter sp. Cd 1.5 
 Co 20.5 
 Ni 49.4 
   Listonella anguillarum Cd 10.0 
 Co 17.8 
 Ni 123.7 
   Carnobacterium piscicola Cd 4.3 
 Ni 121.9 
   Leuconostoc mesenteroides subsp. lysis Cd 8.2 
   
 
EFFECTS ON LACTIC ACID FERMENTATION 
In MRS medium, C. piscicola and L. mesenteroides produce lactic acid as the main 
metabolite from glucose, which provides additional criteria to assess the effects of the 
metals tested (e.g., the yields of metabolite productions by substrate consumption). With 
regard to this production, it is interesting to observe the cumulative variation of the 
following magnitudes with the meaning of yields: 
 /X G
X
Y
G



  ;  
/L G
L
Y
G



  ;  
/L X
L
Y
X



 (1.5) 
where X, G and L are the increments along the time of biomass, glucose and 
lactic acid with respect to the corresponding initial concentrations (biomass may be 
replaced by A700, since relationships are here of greater interest than absolute values).  
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Figure 1.5 shows the variation of these yields in C. piscicola cultures exposed to the 
three metals; coincidentally, the affected growth parameters were different for the three 
cases (Table 1.2). The occasional divergence in the profiles at short times is less 
important than its convergence (or lack thereof) at middle and long times, because the 
analytical error is higher at the beginning of the culture, and it is, moreover, amplified 
by the use of relations. In any case, the profiles are clearly characteristic of the 
considered response.  
Thus, with respect to Cd –which modified Xm, vm and  – the production of biomass 
and lactic acid per unit of substrate consumption diminished progressively with 
increasing doses. This result for lactic acid is in agreement with its definition as primary 
metabolite (Luedeking and Piret, 2000). However, the production of lactic acid per unit 
of biomass increased with the dose, despite the involved higher energy cost. With 
regard to Co, which slightly extended the lag phase, the three yields were essentially the 
same in control and Ni-dosed cultures. Concerning Ni, which only altered the maximum 
growth rate, the behaviour of yields took an intermediate position. 
L. mesenteroides showed a heterofermentative metabolism with production of 
ethanol, acetic and lactic acid (data not shown). When the sum (M) of the three 
metabolites was used for calculation of the yields (1.5), the results were similar to those 
obtained with C. piscicola. Against Cd –which modified Xm, vm and  – an increase of 
the dose generated a decrease of YX/G and YM/G, but an increase of YM/X. Against Co and 
Ni –without effect in the dose domain tested–, control and dosed cultures showed no 
significant differences. 
It may be noted that if the (constitutive) production of lactic acid were stimulated as a 
mechanism of resistance, its relations with the concentration of chemical, substrate and 
biomass would be as those found in our results. On the other hand, for both LAB the 
variations of YX/G (as well as YL/G and YL/X, linked to primary metabolism) are associated 
to responses whose description involved to admit an inhibitory effect on the parameter 
Xm. These features confirm that the effects on yield, which are connected with the value 
of the parameter Xm, can be independent (as in the mentioned cases) from those related  
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Figure 1.5. Biomass (X), lactic acid production (L) and glucose consumption (G) 
relationships for C. piscicola at different times (hours). : control; : increasing 
concentrations of heavy metal (when there is not overlapping, profiles move away from 
control as toxic concentration increases).  
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to growth rate and lag phase. Therefore, none of such effects can be neglected in 
predictive toxicological evaluations. 
 DISCUSSION 
The use of sigmoidal equations for describing both microbial growth (Vázquez and 
Murado, 2008b; Gernaey et al., 2010) and dose-response relationships (Volund, 1978; 
Faust et al., 2003; Gennings et al., 2004) is an extensively accepted practice. However, 
the combination of both approaches in a single mathematical equation, that enables the 
evaluation of the effects of a chemical on all the growth parameters, have not been 
completely explored. The model proposed here assumes that a toxic agent can 
determine independent variations satisfying DR relationships on all the parameters of 
the growth equation. The alternative use of different reparameterizations of this growth 
equation allowed us to solve a variety of particular cases and to accurately describe the 
batch cultures kinetics of five bacteria as affected by three heavy metals. 
This approach is very similar to that proposed, almost 30 years ago, by Kooijman et 
al. (1983). We believe that our focus improves the treatment of the effects on the lag 
phase, provides flexible reparameterizations and avoids, by using a global model able to 
solve simultaneously all the possible effects on the parameters of the growth equation, 
some incoherences difficult to explain, as we saw, if we deal with such effects 
individually. We also believe that it has not been sufficiently underlined the fact that the 
evaluations based on the variation of a single parameter of the growth equation can have 
limited predictive value (as it can be verified by applying the global index ED50, under 
different hypothesis). In our work, we have found that the maximum growth rate –the 
most often affected parameter– only provides an adequate description for one of the 
twelve cases in which an inhibitory response was detected. 
Cabrero et al. (1998) have shown that the effects of Zn and Cu on activated sludge 
bacteria modify the biomass yield coefficient and the growth rate. Nevertheless, the 
kinetics of growth were individually fitted and equations for predicting the effect of 
metals on growth parameters were not proposed. Recently, Giotta et al. (2006) have 
calculated for Rhodobacter sphaeroides the concentration that inhibits 50% of µm and 
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Xm for seven heavy metals; but the effect on the lag phase was only evident in three of 
the seven cases and it was neglected for this calculation. On the contrary, this last 
parameter was identified as responsible for the Ni, Co and Zn-induced decreases on the 
growth of Pseudomonas sp. and mixed microbiota from a wastewater treatment plant 
(Şengör et al., 2009). However, the experimental data of this report clearly showed that 
maximum biomass and growth rate should have been used for modelling the described 
processes.  
In LAB cultures, not significant effects on kinetic parameters were observed for Ni 
and Co. It corroborated the high capacity of these bacteria to accumulate some heavy 
metals without inhibitory effects on biomass production (Halttunen et al., 2007; Mrvčić 
et al., 2009). Nevertheless, Cd-dosed cultures of both LAB species tested were 
significantly affected in all the parameters of the growth equation. 
Our results and mathematical proposal defined a global dose-growth model that: 1) 
constitutes the simultaneous solution of the series of kinetic profiles obtained by 
incubating a microorganism in the presence of increasing concentrations of a toxic 
agent; 2) allows to quantify the effects of such an agent on all the parameters of the 
growth equation, as well as to determine directly the corresponding confidence 
intervals; 3) considers the time-dose matrix as a whole, which minimizes the effects of 
experimental error, both random and systematic; 4) generated consistent descriptions 
when it was applied to study the effects of three heavy metals (Cd, Co and Ni) on five 
bacteria whose responses showed marked differences within the dose and time domains 
tested.  
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 APPENDIX A. CALCULATION OF ED50, 
Once the solution of the examined system is obtained by means of a model (1.4), the 
ED50, , or dose that reduces the biomass to 50% of that produced by the control in time 
, can easily be calculated as follows: 
1. Fit the kinetic data of the control to the growth equation in the parametric form 
L5 (Table IV.2) to obtain the semimaximum biomass (Xm,0/2) and the time needed to 
reach it (0). For another proportion q of the maximum biomass, use the form (IV.11). 
2.  Set an arbitrary initial value (
I
ED50,) (see next point 5). 
3.  Calculate the value of biomass (X) that results from applying the model (1.4), by 
assigning the values 
I
ED50, and 0 to the variables D and t. 
4.  Calculate the absolute value of the difference 
,0
4
mX
H X   
5.  Calculate, using the Solver macro in Microsoft Excel, the value of ED50, that 
minimizes H. For ensuring that the algorithm finds the absolute minimum, it is 
advisable to start with an 
I
ED50, value associated with a reasonably small value of H. 
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1.2. EFFECTS OF SPILL-TREATING AGENTS ON GROWTH 
KINETICS OF MARINE MICROALGAE. 
 INTRODUCTION 
The usual clean-up options for oiled rocky shores—manual removal, low or high 
pressure water washing—lose their effectiveness with weathering, and the efficiency of 
bioremediation methods decreases markedly after 6-8 months (CEPRECO, 2006; 
Fernández-Álvarez et al., 2006). Chemical cleaning may be a useful alternative for 
removing weathered slicks, although discharge limits should be set, depending on the 
receiving environment, to mitigate the impact of the cleaning operations (Rial et al., 
2010). Dispersants are STAs that promote the formation of small oil droplets, thus 
reducing the impact on the coast, whereas surface-washing agents or beach cleaners act 
through a mechanism known as detergency and are more effective in removing oil from 
solid surfaces (Fingas, 2011c). For instance, the surface-washing agent CytoSol 
demonstrated remarkable results in removing oil from the Prestige accumulated on the 
Galician coast (Rial et al., 2010). 
The effects of chemical compounds (e.g., heavy metals, hydrocarbons, STAs) on 
living organisms is often assessed by extrapolating to the ecosystem short-term toxicity 
data for three species at three different trophic levels, primary producers and primary 
and secondary consumers (European Commission, 2003). The microalgal chronic 
toxicity test is simple, fast and cheap; microalgae are the commonest primary producers, 
and the sensitivity of the test is equal to or greater than that of toxicity tests in 
representatives of primary and secondary consumers (typically daphnia and fish) 
(Weyers and Vollmer, 2000). In the microalgal test, biomass is measured 72-96 h after 
the start of the test, and inhibition of biomass production is determined as cell number, 
dry weight, chlorophyll content or average specific growth rate (Janssen and Heijerick, 
2003; Perez et al., 2009). This approach, however, does not allow comprehensive study 
of the growth curves and the real effect of toxic agents on the kinetics that describe the 
different stages of microbial growth (Rial et al., 2011). 
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The logistic equation is a useful model of the set of microalgal growth phases in 
batch culture (Wang et al., 2011). Some authors have found that the effect of a toxic 
agent on microalgal growth is manifested in the curve as maximum biomass, growth 
rate or lag phase (Kooijman et al., 1983). Recently, a bivariate model was developed to 
evaluate toxic effects on growth kinetics by combining the logistic equation to describe 
microbial growth and a cumulative Weibull function of the dose-response relations of 
the parameters of the growth curve (Rial et al., 2011; Vázquez et al., 2011). This model 
allows a comprehensive description of inhibitory effects in the experimental domain of 
concentration and time.  
The aim of this study was to assess the effects of four cleaning agents on microalgal 
growth kinetics. Three marine microalgae with wide distribution and high economic 
importance for their use in aquaculture were selected: the haptophyte Isochrysis 
galbana, the centric diatom Chaetoceros gracilis and the pennate diatom 
Phaeodactylum tricornutum. Two indirect measures of cell density, chlorophyll a 
concentration and optical density, were assessed to describe the logistic growth of algae 
in batch cultures. The optical density data were analysed by the approaches proposed in 
the standard microalgal test and in the bivariate model. 
 MATERIAL AND METHODS 
SPILL-TREATING AGENTS 
Four STAs were selected by their ability to remove fuel adhering to granite rock 
(Murado et al., 2008): CytoSol (CytoCulture International, Inc., Point Richmond, 
California, USA), Finasol® OSR 51 (Total Special Fluids, Paris, France), Agma OSD 
569 (Agma plc, Northumberland, United Kingdom) and OD4000 (Innospec Ltd, 
Cheshire, United Kingdom). The products were kindly provided by the manufacturers 
or trade representatives. 
MICROALGAL BIOASSAY 
Algal strains of Isochrysis galbana (05/0401) and Chaetoceros gracilis (07/0102) 
from the Instituto de Ciencias Marinas de Andalucía (ICMAN-CSIC) were kindly 
provided by Dr J.L. Garrido (Instituto de Investigaciones Marinas, IIM-CSIC). 
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Phaeodactylum tricornutum strain CCMP 630 was provided by Dr J. Pintado (IIM-
CSIC). Microalgal culture medium was formulated from 0.22 μm filtered seawater, 
autoclaved at 121 °C for 20 min, salinity adjusted to 30 ‰ and supplemented with f/2 
medium (with sodium metasilicate for diatoms). Cultures were maintained in 250-mL 
flasks at 14 °C and 12:12 h light-dark cycle to minimize growth and staff work. 
Cell density (cell/mL) was determined indirectly by optical density measurements 
(OD, λ = 700 nm) using a regression line generated by taking measurements every 3-4 
days (Griffiths et al., 2011): 
 nmbOD 700  (1.6) 
where n is the cell density (cell/mL), b is a constant and m the slope. b values were 
0.043±0.024, 0.035±0.019 and 0.041±0.025 (mean±standard deviation); m values were 
1.44×10
-7
±5.51×10
-9
, 1.72×10
-7
±6.24×10
-9
 and 9.08×10
-8
±4.35×10
-9
 and the coefficients 
of determination were 0.96, 0.95 and 0.94 for I. galbana, C. gracilis, P. tricornutum, 
respectively. 
Cultures were performed in the experiments under orbital shaking conditions (200 
rpm, 20 °C, 24-h light, irradiance=162±18 µE m
-2
s
-1
). The inoculum of each organism 
consisted of cells from a 72-h culture centrifuged at 4000 rpm for 20 min. The optical 
density of the culture was adjusted to 0.05 before the start of the assay (4.9×10
4
, 
8.8×10
4
 and 9.4×10
4
 cell/mL for I. galbana, C. gracilis and P. tricornutum, 
respectively). Ten μL of the STA diluted in acetone were added to each 30-mL culture 
tube with 10 mL of culture medium (maximum acetone concentration of 1 mL/L in the 
solvent control group) to obtain the final concentrations of STA shown in Table 1.5.  
To avoid contamination, each tube was sampled two or three times, and five series of 
tubes were used per treatment. Each STA concentration and control without chemical 
was studied in triplicate for each experimental series. At regular intervals (every 12 and 
24 h during the first 48 h and every 24 h thereafter), 2-mL samples were removed to 
measure optical density (λ = 700 nm). The absorbance of the agent, measured 
previously, was subtracted from the value obtained in culture. 
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Table 1.5. Final concentrations of STAs in culture media 
STA  C (μL/L) 
  I. galbana C. gracilis P. tricornutum 
     CytoSol  0, 15, 30, 62.5, 
100, 150, 250 
0, 5, 10, 20, 35, 50, 
100, 110, 120, 140 
0, 30, 60, 125, 200, 300, 
400, 500, 700 
Agma OSD 569  0, 15, 30, 62.5, 
100, 150, 250 
0, 30, 60, 80, 90, 100, 
120, 140, 165, 210 
0, 50, 100, 125, 150, 
200, 250, 350 
OD4000  0, 0.5, 1 5, 10, 20, 
50 
0, 5, 10, 20, 40, 60, 
100 
0, 50, 75, 100, 110, 125, 
140, 150, 200, 250 
Finasol OSR 51  0, 6, 12, 25, 40, 
60, 100 
0, 20, 50, 80, 90, 100, 
110, 120, 160, 200 
 
 
PIGMENT ANALYSIS 
From each tube, 3 mL were taken at the selected times (every 36h during the first 
72h and every 24 or 48h thereafter), the volume corresponding to the replicas were 
mixed, ~100 mg of magnesium carbonate were added, and the sample was centrifuged 
at 4000 rpm for 20 min. The algal pellet was extracted with 2 mL of 90% acetone for 24 
h at 4 ºC. The chlorophyll a concentration was estimated from the concentration in the 
extract according to the equation of Jeffrey and Humphrey (1975): 
      664 750 647 750 630 75011.85 1.54 0.08Chla OD OD OD OD OD OD       (1.7) 
where Chla is the chlorophyll a concentration (mg/L), and OD664, OD647, OD639, 
OD750 are the optical densities at the respective wavelengths.  
GROWTH MODELS 
Standard approach 
Average specific growth rate was calculated from the optical density (absorbance at 
700 nm) as described in the OECD guidelines (OECD, 2006): 
  (1.8) 
where μ0-j is the average specific growth rate from time 0 to j (h
-1
), Xj is the biomass 
at time j, X0 is the biomass at the beginning of the test, and tj is the time considered (h). 
0
0
ln lnj
j
j
X X
t
 


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The percentage inhibition of the average specific growth rate for each treatment 
replicate was calculated from the equation: 
  (1.9) 
where Ir is the percentage inhibition, μc is the mean average specific growth rate in 
the control, and μt is the average specific growth rate of the treatment replicate.  
EC50 and EC10 were obtained by nonlinear fitting of the Weibull model to the 
observed growth inhibition at the tested doses (Rial et al., 2010; Murado et al., 2011) by 
equations (IV.2) and (IV.3).  
Bivariate equation approach  
The bivariate model is based on a reparameterised logistic equation (L3 in Table 
IV.2) to describe growth combined with a Weibull function (IV.2) to describe 
concentration-dependent variations in growth parameters (Rial et al., 2011; Vázquez et 
al., 2011) as described in (1.4).  
 ; with  
   
   
   
where X is the biomass measured as absorbance at 700 nm (absorbance units), Xm is 
the maximum biomass (absorbance units), vm is the maximum growth rate (absorbance 
units/h), λ is the lag phase (h), C is the concentration of STA (L/L), and Xm●, vm● and λ●  
are the modified growth parameters. The value of each parameter in the logistic 
equation of growth (Xm●, vm●, λ● ) depends on the parameters of the Weibull equation 
100
 
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
 c tr
c
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 
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1 exp 2 mm
m
v
X X t
X
 


   
     
   
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(e.g., for λ● the parameters are Kλ, mλ, aλ) and variable C according to the expressions 
cited above. 
A further reparameterisation of the logistic equation (L5 in Table IV.2) was also 
used:  
 ;  (1.10) 
 
 
 
where τ● is the time required to achieve half the maximum biomass (h), and Xm● and 
vm● are the functions described in equation (1.4). 
Equations (1.11) and (1.12) address the possibility that parameters λ● and τ● are better 
described by linear or exponential functions of the concentration:  
  1 C C          (1.11) 
     1 exp 1 expC C             (1.12) 
where θ is the parameter considered (h), αθ, is the slope of the linear function (h 
L/L), and βθ is the slope of the exponential function (L/L).  
The concentration that reduces the biomass to 50% of that produced by the control at 
time τ, EC50,τ (L/L) , was calculated in order to compare the global toxicity of STA on 
microalgae growth (see Appendix A. Calculation of ED50, ). 
 RESULTS 
CHLOROPHYLL A CONTENT  
Control cultures of P. tricornutum and I. galbana showed maximum chlorophyll a 
concentrations in the exponential or declining growth phase, whereas C. gracilis 
showed maximum values in the stationary phase (Figure 1.6). Maximum chlorophyll a 
 
1
4
1 exp mm
m
v
X X t
X
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concentrations were obtained in controls before τ (the time corresponding to half the 
maximal biomass obtained by individual fittings to optical density data) for P. 
tricornutum (τ ~ 104-122 min) and then I. galbana (τ ~ 58-69 min). For I. galbana, the 
maximum chlorophyll a content in controls was found in the exponential phase (0.21-
0.30 pg/cell) and minimum values in the stationary phase (0.11-0.16 pg/cell). The 
chlorophyll a concentration was higher for treatments with STAs than in controls in a 
relevant number of cases and even higher for longer times than τ, mainly in C. gracilis 
(Figure 1.6). 
 
Figure 1.6. Kinetics of chlorophyll a production (mg/L) for STAs (columns) and 
microalgal species (rows). Solid line: control. Dotted line: culture dosed with STA. 
Concentrations (µL/L) are noted by the symbols of the legend superimposed on each 
graph.  
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GROWTH ANALYSIS 
Increasing EC50 and EC10 values were observed with time in C. gracilis (data not 
shown) and I. galbana (Figure 1.7). In many cases, the confidence intervals of ECx 
corresponding to times of 24, 72 and > 120 h did not overlap (Figure 1.7), indicating 
significant differences among ECx values. 
 
Figure 1.7. ECx (µL/L) obtained for I. galbana vs. time for CytoSol (A), Agma OSD 569 
(B), OD4000 (C), Finasol® OSR 51 (D). Symbols represent EC50 (○) and EC10 (●). The error 
bars represent 95% confidence intervals. 
Fitting optical density data into the bivariate model gave statistically significant 
parameters, adjusted R
2
 values greater than 0.969 and good consistency of the model in 
all cases (p < 0.001) (Table 1.6 and Table 1.7). 
Figure 1.8 shows the suitability of the model for describing broad toxic effects on 
microalgal growth, with a significant dose-dependence of the time parameter defined by 
the logistic growth equation (λ or τ) in 8 of the 11 tests. Equations (1.11) and (1.12) 
usefully described that effect on time parameters in five of the eight cases (Table 1.6  
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Table 1.6 Parametric estimates and confidence intervals (=0.05) corresponding to specified models applied to the effect of STAs on the 
growth of I. galbana and C. gracilis. Time parameters ( or ) are modified in each case by the concentration-dependence functions indicated. adj 
r2: adjusted coefficient of multiple determinations. p value from Fisher F test ( = 0.05). 
             I. galbana     C. gracilis 
           
  
CytoSol Agma 
OSD 569 
OD4000 Finasol 
OSR51 
 CytoSol Agma 
OSD569 
OD4000 Finasol 
OSR 51 
             Eqs (1.4)  
and (1.12) 
Eq (1.10) Eqs (1.4)  
and (1.12)  
Eq (1.10) 
 
 Eqs (1.4) 
 and (1.12) 
Eq (1.4) 
 
Eqs (1.4)  
and (1.12) 
Eqs. (1.4)  
and (1.11) 
                      Growth Xm 1.217±0.057 1.343±0.037 1.268±0.029 1.310±0.039  1.948±0.044 2.056±0.058 2.036±0.091 1.863±0.061 
model vm 0.012±0.001 0.014±0.001 0.013±0.001 0.012±0.001  0.014±0.001 0.013±0.001 0.013±0.001 0.015±0.001 
  -  71.0±5.6 62.1±3.6 23.9±2.2 65.1±5.0  22.4±3.6 22.4±5.7 16.7±5.3 19.3±7.1 
           effect Kx - - - -  - 0.946±0.033 - 1.000±0.736 
on Xm mx - - - -  - 153.37±5.00 - 113.22±10.7
8 
 ax - - - -  - 25.01±10.30 - 13.02±7.59 
           effect Kv - - - -  - - - - 
on vm mv - - - -  - - - - 
 av - - - -  - - - - 
           effect K - K - 4.717±3.813 - 2.578±0.408  - 2.072±0.781 - - 
on   m - m - 126.0±43.1 - 38.7±4.6  - 111.1±6.3 - - 
or  a - a - 3.17±0.74 - 1.43±0.22  - 8.83±4.36 - - 
 αλ - ατ - - - -  - - - 0.668±0.070 
 βλ - βτ 0.010±0.001 - 0.038±0.002 -  0.013±0.001 - 0.032±0.005 - 
            adj. r2 0.969 0.990 0.994 0.987  0.985 0.984 0.979 0.980 
 p-value <0.001 <0.001 <0.001 <0.001  <0.001 <0.001 <0.001 <0.001 
 EC50,τ  21.8 65.3 18.7 15.3  74.6 124.5 34.1 50.9 
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Table 1.7. Parametric estimates and confidence intervals (=0.05) corresponding to 
model (1.10) applied to the effect of STAs on the growth of P. tricornutum. Time parameters 
( or ) are modified in each case by the concentration-dependence functions indicated. adj 
r2: adjusted coefficient of multiple determinations. p value from Fisher F test (=0.05). 
       P. tricornutum 
     
 
Parameter CytoSol Agma 
OSD 569 
OD4000 
       Eq. (1.10) Eq. (1.10) Eq. (1.10) 
          Growth model Xm 2.097±0.094 2.409±0.120 2.105±0.075 
 vm 0.011±0.001 0.012±0.001 0.010±0.001 
  -  97.4±7.1 112.5±5.9 104.7±5.0 
     effect on Xm Kx 0.976±0.033 0.348±0.191 0.999±0.031 
 mx 355.5±10.7 224.1±78.1 117.4±2.7 
 ax 11.38±2.60 2.58±1.82 3.70±0.41 
     effect on vm Kv - - 1.000±0.034 
 mv - - 132.8±5.2 
 av - - 11.76±4.85 
     effect on  or  K - K - - - 
 m - m - - - 
 a - a - - - 
 αλ - ατ - - - 
 βλ - βτ - - - 
      adj. r2 0.969 0.975 0.983 
 p-value <0.001 <0.001 <0.001 
 EC50,τ 369.0 >350 115.8 
     
 
and Table 1.7). Parameter Xm was also shown to be dose-dependent on five occasions. 
The only case in which vm was statistically significantly modified by STA was observed 
in the combination OD4000 and P. tricornutum (Table 1.6 and Table 1.7). The 
sensitivity of P. tricornutum to Finasol OSR 51 was almost null and is therefore not 
shown in Figure 1.8. 
The ranking of sensitivity as EC50,τ values was I. galbana > C. gracilis> P. 
tricornutum. For all species tested, the least toxic agent (higher EC50, τ) was Agma OSD 
569, followed by CytoSol (Table 1.6 and Table 1.7). 
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Figure 1.8 Experimental data for growth kinetics and fit to the bivariate model (surface 
response) for the tested microalgae (columns) and STAs (rows). X: optical density at 700 
nm; C: STA concentration (µL/L); t: time (h). The error bars are not shown, as these were 
less than 10% of the experimental mean value.    
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 DISCUSSION 
The chlorophyll a concentration is a reliable indirect measure of cell density in some 
algal growth tests (OECD, 2006; ISO, 2006), with a good correlation with biomass. A 
maximum chlorophyll a concentration was found for the controls of I. galbana and P. 
tricornutum in the exponential growth phase, defined from individual adjustments to 
optical density data. Several authors (Henriksen et al., 2002; Ruivo et al., 2011) have 
reported that the cellular content of chlorophyll a generally decreases between 
exponential growth and the stationary phase and explained this drop by limitations in 
nutrients and light and cell ageing. This is consistent with the results for the cellular 
content of chlorophyll a in I. galbana in the present work.  
Variations in chlorophyll a content between the growth phases of a batch culture 
might explain the deviations in concentrations in a logistic pattern (Figure 1.6). Higher 
concentrations in the stationary phase were also observed in a significant proportion of 
treatments when compared with control production, consistent with the results obtained 
with the dispersant Seaklin-101NT on Tetraselmis suecica (Fabregas et al., 1984) and 
BP1100X on Chlorella salina (Chan and Chiu, 1985). Use of another direct or indirect 
measure of cell density (e.g., absorbance at 700 nm) would simplify the description of 
microalgal kinetics.  
Microalgae toxicity tests are commonly based on measuring growth inhibition at the 
exponential phase for 3-4 days (OECD, 2006; ISO, 2006). The short duration of the test 
reduces experimental time and avoids any decrease in toxicity by a reduction in the 
growth rate in controls due to nutrient limitation, a decline in the intracellular 
concentration of the toxic agent due to cell growth and extracellular concentration by 
adsorption, volatilization or detoxification (Nyholm and Kallqvist, 1989). The 
prediction of a constant value over time for ECx calculated from the growth rate 
(Nyholm, 1985) is valid, however, only when the assumptions of exponential growth 
and no lag phase are fulfilled. For I. galbana, the tested agents affected the values only 
of λ and τ (Table 1.6), and the ECx value increased significantly with time (Figure 1.7). 
Hence, choice of a single value of ECx is arbitrary or meaningless.  
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Kooijman et al. (1983) developed a bivariate model to describe the logistic growth of 
a microalgal population exposed to increasing concentrations of a toxic agent. Rial et al. 
(2011) proposed the Weibull model to describe the effect of concentration on the 
kinetics of the logistic growth equation. In this study, two modifier equations, linear and 
exponential, were also considered for the temporary parameters of the growth equation 
(λ or τ) in cases in which an asymptote for these parameters is not found at high 
concentrations. An accurate description and predictive ability in the experimental 
domain were obtained by fitting the bivariate model to optical density data (Table 1.6 
and Table 1.7). The parameters of the logistic equation that were most frequently 
affected were λ-τ, followed by the maximum biomass (Xm) and the maximum growth 
rate, which was affected in only one case. These results contrast with those of 
approaches in which effects on Xm or λ are not taken into account (ISO, 2006; OECD, 
2006). A marked effect of a dispersant on the lag phase has been reported previously 
(Chan and Chiu, 1985; Fabregas et al., 1984). The underlying mechanisms may be 
inhibition of cell division (Zachleder and Tukaj, 1993) or mortality of the inoculum at 
the beginning of the test, depending on the dispersant concentration (Bratbak et al., 
1982). As similar optical density values would be found for both mechanisms, it was 
impossible to determine which option is more plausible with our approach. Some 
authors have considered the inhibitory effect on maximum biomass (Xm) as an 
alternative to the average specific growth rate (Rivkin, 1979; Wang et al., 2011). In this 
study, the effect on Xm was related to the toxic agent and alga studied (Table 1.6 and 
Table 1.7); and its use with that perspective would also lead to an underestimate of the 
toxicity. The EC50,τ encompasses any effect on the logistic growth parameters in the 
time required to produce semi-maximum biomass in the control. The sensitivity of this 
parameter was comparable to or higher than the EC50 calculated from the average 
specific growth rate at 3-4 days for I. galbana (Table 1.6 and Figure 1.8).  
Use of phylogenetically different species of microalgae has been recommended for 
assessing the toxicity of a dispersant because of high species-specific sensitivity (Lewis, 
1990). For the same STAs, variations of one order of magnitude in EC50, τ values were 
obtained for the tested species (CytoSol, 21.8-369.0 μL/L; Agma OSD 569, 65.3->350 
μL/L; OD4000, 18.7-115.8 μL/L; Finasol OSR 51, 15.3-50.9 μL/L). I. galbana was 
most sensitive to the tested agents (EC50,τ , 15.3-65.3 μL/L), with less sensitivity for 
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diatoms (34.1-124.5 μL/L for C. gracilis) and P. tricornutum (115.8-> 500 μL/L). An 
even wider range of EC50 values was shown for 12 dispersants tested on 
Chlamydomonas reinhardtii (1-700 μL/L) (Heldal et al., 1978) and for six surfactants 
assayed on Dunaliella tertiolecta (20-3000 mg/L) (Poremba et al., 1991). 
Surfactants act by denaturing and binding protein in the cell wall and thus altering 
the permeability of the membrane to nutrients and chemicals (Lewis, 1990); therefore, 
the particular characteristics of the cell wall in each species condition the toxic 
response. The high sensitivity of I. galbana may be due to a lower surface:volume ratio 
and the existence of a siliceous cell wall in diatoms. Neither hypothesis is consistent 
with the results of other authors (Sibila, 2008; Sibila et al., 2008), who found that C. 
gracilis was as or more sensitive than I. galbana to four groups of surfactants. 
Some authors have suggested that the microalgal test is more useful for comparing 
toxicity than for assessing hazard in the field (Kooijman et al., 1983). The sensitivity of 
microalgal species to a surfactant can vary by three orders of magnitude (Lewis, 1990); 
therefore, the behaviour of an exposed phytoplankton community cannot be predicted. 
Microcosm and mesocosm experiments are interesting alternatives for reducing 
uncertainty in this type of evaluation. Jung et al. (2012) studied the combined effect of 
oil and dispersant on a phytoplankton community in a mesocosm and reported alteration 
of the dominant species and a decrease in phytoplankton abundance and chlorophyll a. 
These authors also found that the combination of dispersant and oil was more toxic to 
the planktonic ecosystem than oil, highlighting the need for a rigorous assessment of 
combined effects (Murado et al., 2011).  
The increased bioavailability of hydrocarbons in the water column with use of 
dispersants may also affect trophic transfer (NRC, 2005). Wolfe et al. (1998a; 1998b; 
2000) found that the uptake of naphthalene and phenanthrene by I. galbana was higher 
after treatment with Prudhoe Bay crude oil plus Corexit 9527 than with oil alone. These 
authors also concluded that inclusion of this microalga as a diet for Brachionus plicatilis 
was responsible for a significant percentage of the bioaccumulation observed in the 
water-accommodated fraction of oil or oil plus dispersant. This suggests that microalgae 
are key elements for assessing exposure and risk related to trophic transfer. 
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1.3. TOXICITY OF FOUR SPILL-TREATING AGENTS ON 
BACTERIAL GROWTH AND SEA URCHIN EMBRYOGENESIS.  
 INTRODUCTION 
An oil spill that impacts the shoreline is a sensitive issue for the authorities due to the 
difficulty of cleaning, cost, ecological effects and pressure of public opinion. Spill-
treating agents (STAs) are chemicals developed to increase the efficiency of cleaning. 
Dispersants, the most commonly used STAs, promote the formation of droplets which 
implies an increase of oil exposure into the water column and a reduction of load in the 
water surface or the shoreline (NRC, 2005). Surface-Washing Agents or Shoreline 
Cleaning Agents (SCAs) remove oil from solid surfaces and their use is often 
conditioned by the lack of effectiveness of conventional methods (water washing, 
bioremediation) and their approval on a case by case basis (NOAA, 1992; Fingas and 
Fieldhouse, 2011). 
The use of dispersants in the Torrey Canyon oil spill (occurred in 1967) raised 
doubts due to their high toxicity. The composition of dispersants has changed since the 
1960s in order to obtain effective STAs without the adverse effects of the first 
generation of dispersants (NRC, 2005; Fingas, 2011a). In fact, the toxicity of shoreline 
washing agents is generally lower than that for dispersants (Fingas and Fieldhouse, 
2011). Nevertheless, the toxicity assessment of a STA is a necessary step in most 
countries prior to approval for use. According to the Technical Guidance Document on 
Risk Assessment (European Commission, 2003) the effects assessment involves at least 
a battery of acute toxicity tests corresponding to different trophic levels. 
The physicochemical characteristics of a dispersant influence the biodegradation rate 
by bacteria, although a consensus on the enhancer or inhibitory effect has not been 
reached (NRC, 2005). The bacterial growth is an appropriate endpoint for assessing the 
toxicity of the spill-treating agents on the trophic level of decomposers at a lab scale. It 
also has greater ecological relevance than the assessment endpoint most common for 
this trophic level, namely the production of bioluminescence by Vibrio fischeri (ISO, 
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2007), but presents lower sensitivity (Gellert, 2000). The ISO 10712 (ISO, 1995) 
provides a practical alternative to evaluate the inhibitory effects of a toxic agent on the 
growth of Pseudomonas putida, though a more comprehensive description of the 
kinetics is obtained using a bivariate model which combines dose of the agent and 
exposure time (Rial et al., 2011; Vázquez et al., 2011). 
Bioassays based on the success of the embryo-larval development of marine 
invertebrates are tools commonly used in ecotoxicology because of its simplicity, low 
cost and high sensitivity (His et al., 2000). The sea urchin embryo-larval test has been 
the object of considerable standardization (ASTM, 2004; Beiras et al., 2012) which 
facilitates its implementation, interpretation and comparison with previous results and 
highlights its suitability for assessing toxicity of marine water and sediments. 
In the present work, we investigated the toxic effect of four STAs on the growth of 
marine and terrestrial bacteria and on the sea urchin embryo-larval development. The 
dose-response data of bacteria and sea urchin were accurately modeled by a bivariate 
model and Weibull equation, respectively, in order to obtain comparative parameters of 
toxicity as EC50,, EC50 and EC10.  
 MATERIALS AND METHODS 
MICROBIOLOGICAL METHODS 
Three bacterial strains were used: Phaeobacter sp. (Ph), Leuconostoc mesenteroides 
(Lm) and Pseudomonas sp. (Ps). Toxicological assessments were performed by 
bacterial cultivation with orbital shaking at 200 rpm and 22°C (Ph), 27°C (Ps) and 30°C 
(Lm). Inocula and cultures were prepared according as previously reported (IV.1.1). 
SEA URCHIN ASSAY 
The sea urchin embryo test was performed as previously explained in IV.1.2 section. 
CHEMICAL PREPARATION 
Three dispersants (Agma OSD 569, Finasol OSR 51 and OD4000) and a SCA 
(CytoSol) were selected for their effectiveness to remove fuel adhering to granite rock 
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(Murado, et al., 2008): CytoSol (CytoCulture International, Inc., Point Richmond, 
California, USA), Finasol® OSR 51 (Total Special Fluids, Paris, France), Agma OSD 
569 (Agma plc, Northumberland, United Kingdom) and OD4000 (Innospec Ltd, 
Cheshire, United Kingdom). The products were kindly provided by the manufacturers 
or trade representatives. 
Stock solutions of the STAs were obtained by dissolving them in acetone (4-400 mL 
of the STA per liter of acetone for the bacterial assay and 0.15-300 mL/L for the sea 
urchin assay) and shaken before use. 10 μL of each stock solution was added to a vial 
with 10 mL of FSW for the sea urchin bioassay and 50 μL to each 30 mL culture tube 
with 10 mL of marine broth/MRS medium for the bacterial assay to obtain the 
concentrations to be tested. The maximum concentration of acetone in the solvent 
control group was 1 and 5 mL/L for the sea urchin and bacterial assays respectively. 
MATHEMATICAL EQUATIONS 
Modelling of bacterial growth inhibition 
The toxicodynamic evaluation of Lm growth affected by Finasol OSR 51 and 
OD4000 was performed by a bivariate equation based on the combination of Weibull 
function as STA-concentration model modifying the most important parameters of the 
reparameterized logistic equation used for bacterial growth description (Rial et al., 
2011; Vázquez et al., 2011): 
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where, vm is the maximum growth rate, Xm is the maximum growth,  is the lag phase 
and C is the STA concentration. The meanings of other symbolic notations as well as 
the corresponding units are summarized in Table 1.8. In addition, the global parameter 
(EC50,) was also selected for the overall description of chemical effects on growth 
studies. 
Sea-urchin bioassay modelling 
The dose-response profiles of sea urchin bioassays, sigmoid in all cases, were 
successfully fitted to equations (IV.2) and (IV.3).  
Table 1.8. Symbolic notations used and corresponding units. 
  
Growth dynamics measured by optical density 
    
X : Growth measured as absorbance at 700 nm. Units: absorbance units (AU) 
t : Time. Units: h 
Xm : Maximum bacterial load. Units: absorbance units (AU) 
vm : Maximum growth rate. Units: AU h-1 
 : Lag phase. Units: h 
Xm : Maximum bacterial load affected by STA. Units: absorbance units (AU) 
vm : Maximum growth rate affected by STA. Units: AU h
-1 


 : Lag phase affected by STA. Units: h 
    
Concentration effects on growth dynamic  
    
C : Concentration of STA. Units: μL/L 
Kx : Maximum response affecting on Xm. Dimensionless 
mx : Concentration corresponding to the semi-maximum response affecting on Xm. Units: μL/L 
ax : Shape parameter affecting on Xm. Dimensionless 
Kv : Maximum response affecting on vm. Dimensionless 
mv : Concentration corresponding to the semi-maximum response affecting on vm. Units: μL/L 
av : Shape parameter affecting on vm. Dimensionless 
b: Slope affecting on . Units: L/μL 
  
 
 RESULTS AND DISCUSSION 
TOXICITY OF STA ON BACTERIAL GROWTH 
In most of the combinations of chemicals vs bacteria, the toxicity of STA was null or 
negligible. Preliminary evaluations of bacterial growth affected by a range of STA 
concentrations from 0 to 2000 L/L showed non significant differences between control 
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and maximum level tested. A representation of selected cases is displayed in Figure 1.9. 
The experimental results revealed that STA was not especially toxic for the marine 
bacteria (Ps and Ph) even at the maximum concentration of chemical tested. Gram-
negative bacteria are generally less sensitive to surfactants than gram-positive 
(Volkering et al., 1995), and this coincides with the greater toxicity obtained for L. 
mesenteroides, gram-positive, compared to Pseudomonas sp. and Phaeobacter sp., both 
gram-negative. 
 
Finasol OSR 51 vs Ps Agma OSD 569 vs Lm 
  
  
  
CytoSol vs Ph OD 4000 vs Ph 
  
  
Figure 1.9. Examples of STA effects on selected bacterial kinetics. : control; : 100 
L/L; : 1000 L/L; : 2000 L/L. Error bars are confidence intervals. 
0 10 20 30
X
 (
A
U
)
t (h)
1.0
0.8
0.6
0.4
0.2
0
1.2
0
2
4
6
8
10
12
0 10 20 30
X
 (
A
U
)
t (h)
0
1
2
3
4
0 10 20 30
X
 (
A
U
)
t (h)
0
1
2
3
0 10 20 30
X
 (
A
U
)
t (h)
Chapter 1  
 
72  V. Results 
In any case, the specific maximum growth rate (µm, calculated in the exponential 
phase) was significantly inhibited by the increase of STA concentration (data not 
shown). Curiously, high concentrations of CytoSol and Finasol OSR 51 increased the 
biomass obtained from Ph and Ps, respectively, in comparison with the control without 
STA. 
Only two combinations, Lm in presence of OD4000 and Finasol OSR 51, defined a 
complete experimental surface of growth inhibition (Figure 1.10). In both cases, 
equation (1.13) successfully and consistently modelled the experimental growths with 
statistical significance for the parameters summarized in Table 1.9. OD4000 was more 
toxic than Finasol OSR 51 in terms of EC50, value comparison. The concentrations of 
both STA affected linearly the lag phase growth of Lm and the effect on maximum 
biomass was significantly described by a sigmoid relationship. Nonetheless, the effect 
on maximum growth rate was only significant in the case of OD4000. 
The modification of the maximum biomass by different chemicals, including 
surfactants, has been reported in a great variety of bacterial growths (Rial, et al., 2011; 
Vázquez, et al., 2011). For instance, Lima et al. (2011) observed that sodium dodecyl 
sulfate caused a decrease of the maximum growth at 4 g/L for three bacterial strains. 
 
Finasol OSR 51 OD4000 
  
Figure 1.10. Effect of Finasol OSR 51 and OD4000 concentrations on Lm growth 
kinetics (points) and fittings to equation (1.13) (surface). Confidence intervals were in all 
cases less than 10% of the experimental mean value and omitted for clarity.  
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The effect of compounds on the maximum growth rate and lag phase parameters was 
less common. In this context, cadmium and formic acid separately induced sigmoid 
changes on both variables when the biomass production of Lm was evaluated (Rial et 
al., 2011; Vázquez et al., 2011). In many other fermentations, the supplementation of 
culture media with cobalt or nickel as well as lactic, butyric or propionic acid did not 
lead to significant variations on the lag period with the concentration increase of the 
mentioned compounds. For surfactants, Bramwell and Laha (2000) also found that the 
duration of the lag phase in the mineralization of phenanthrene by Pseudomonas 
aeruginosa was dependent on surfactant concentration, which may be associated with a 
dose-dependent mortality of the inoculum and subsequent growth recovery (Willumsen 
et al., 1998). 
Table 1.9. Parametric estimates and confidence intervals (α=0.05) from the equation 
(1.13) applied to the Lm growth data influenced by Finasol OSR 51 and OD4000 
concentrations. Statistical values of adjusted coefficient of multiple determination (R2adj) 
and p-values from Fisher’s F-test (α=0.05) are also summarized. NS: non-significant. 
    
Parameters Finasol OSR 51 OD4000 
        
 Xm (AU) 7.810.32 9.200.21 
growth model vm (AU h-1) 0.580.07 1.030.11 
  (h) 3.720.94 7.680.52 
        
 Kx 0.500.25 0.930.03 
effect on Xm mx (μL/L) 959497 37236 
 ax 1.571.05 1.180.13 
        
 Kv NS 0.910.07 
effect on vm mv (μL/L) NS 11322 
 av NS 0.770.16 
        
effect on  b (L/μL) 0.0030.001 0.0030.001 
        
 EC50,τ (μL/L) 754 129 
        
 p-value <0.001 <0.001 
        
 R2adj 0.975 0.995 
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The inhibitory effects of STAs on growth obtained herein cannot be directly 
extrapolated to the evolution of a bacterial community in a dispersant application 
because: a) the action of a STA on an oil slick represents an increased exposure to 
hydrocarbons in the water column and the simultaneous exposure to the used STA, b) 
the strains composing a bacterial community may have different sensitivity and c) the 
concentration and type of substrate of marine broth and seawater with oil are different. 
With regard to the second point, Hamdan and Fulmer (2011) found that Corexit 
EC9500A produced a reduction in production and viability for some strains 
(Acinetobacter, Marinobacter) of a bacterial community, although these effects 
occurred at concentrations (1-10 g/L) much higher than the maximum concentration of 
dispersant measured at sea (13 mg/L) (George-Ares and Clark, 2000). Finally, Song and 
Bielefeldt (2012) reported that inhibitory effects of four nonionic surfactants on 
Sphingomonas chlorophenolicum growth were more marked in a medium with 
pentachlorophenol as substrate than with glucose. 
TOXICITY OF STA ON SEA URCHIN EMBRYOGENESIS 
The exposure of sea urchin embryos to the STAs caused an inhibition of growth 
according to a sigmoid shape. The growth inhibition was accurately described by model 
(IV.2) for the three tested STAs (Figure 1.11). Adjusted coefficients of determination  
 
 
Figure 1.11. Inhibition of sea urchin larval growth by Finasol OSR 51 (left), OD4000 
(center) and AGMA OSD 569 (right). Experimental values were represented by symbols (
⃟, Finasol OSR 51; ⃞, OD4000; O, Agma OSD 569) and fitted to the Weibull equation 
(IV.2) (line). Error bars are confidence intervals. 
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were in all cases higher than 0.995 and the robustness of the equation was assured in 
all cases (p <0.001) (Table 1.10). Additionally, EC50 and EC10 parameters were 
calculated using equations (IV.2) and (IV.3) and, based on these parameters, Finasol 
OSR 51 was found to be the most toxic STA followed by OD4000, CytoSol and Agma 
OSD 569. Those latter two STAs showed EC50 values one order of magnitude higher 
than Finasol OSR 51 and OD4000 (Table 1.10). Similar results were observed attending 
to the EC10 values. The EC50 is classified as: moderately toxic (1-10 ppm) for Finasol 
OSR 51 and OD4000, and slightly toxic (10-100 ppm) for CytoSol and Agma OSD 569 
in accordance with the Ecotoxicity Categories for Aquatic Organisms (USEPA, 2013) 
(Table 1.10).  
Table 1.10. Growth inhibition of sea urchin larvae by STA. Parametric estimates and 
confidence intervals (=0.05) obtained by fitting experimental data to the equations (IV.2) 
and (IV.3). Statistical values of adjusted coefficient of multiple determination (R2adj) and p-
values from Fisher’s F-test (=0.05) are also shown. 
 STA 
          
 CytoSol Finasol OSR 51 Agma OSD 569 OD4000 
     
K 0.76±0.03* 0.94±0.03 0.98±0.05 0.94±0.03 
EC50 (μL/L) 26.3±3.1* 1.2±0.1 34.0±3.9 2.2±0.1 
a 1.01±0.12* 1.02±0.10 1.44±0.25 2.37±0.35 
EC10 (μL/L) 4.1 ±0.9 0.2±0.1 9.3±2.3 1.0±0.1 
R2adj 0.998* 0.997 0.995 0.999 
p-value <0.001* <0.001 <0.001 <0.001 
 *    
* Results previously reported by Murado et al. (2011). 
 
This high sensitivity of embryo-larval tests with molluscs or echinoderms to 
dispersants had been previously reported (George-Ares and Clark, 2000; Rial et al., 
2010). In fact, the EC50 values for Finasol OSR 51 (1.2 μL/L) and OD4000 (2.2 μL/L) 
were similar to those reported with Crasosstrea gigas (EC50/48h 3.1 ppm) and Haliotis 
rufescens (EC50/48h 1.6-2.2 ppm) for Corexit 9527 (Clark et al., 2001; Singer et al., 
1990); but lower than those obtained by Chaetoceros tenuissimus (EC50/72h 21 mg/L), 
Calanipeda aquaedulcis (LC50/48h 49 mg/L) and Pontogammarus maeoticus (LC50/48h 
64 mg/L) for Finasol OSR 51 (Abbasova et al., 2005). In a previous article, the toxicity 
of CytoSol was assessed using sea urchin as target organism (Murado et al., 2011). 
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Furthermore, the efficacy of this STA for eliminating Prestige oil from impregnated 
rocky coastal and toxicological evaluation of CytoSol and oil runoff mixtures by mysid 
and mussel bioassays was also studied (Rial et al., 2010). 
Dispersants available today are expected to be much less toxic to rainbow trout 
(LC50/96h 200-500 mg/L) than dispersants formulations prior to 1970 (5-50 mg/L) 
(NRC, 2005; Fingas, 2011a). Some authors (Lonning and Falk-Petersen, 1979; Falk-
Petersen and Lonning, 1984) tested 17 dispersants using the sea urchin 
Stronglylocentrotus droebachiensis and reported greater toxicity for the so-called 
dispersant concentrates. Fertilization was affected by the dispersant concentrates at 1-10 
ppm and embryonic development at 10-100 ppm. The toxicity observed for embryo-
larval test with P. lividus (Table 1.10) stresses that the new generation of dispersants 
have similar or even higher toxicity for sea urchin embryos to those reported by the 
latter authors. This does not support the assumption that dispersants are nowadays less 
toxic and indicates that sensitivity to dispersants showed remarkable differences 
between the species and life stages of the toxicity test chosen. 
The toxicity of a STA is determined by its constituents. Kirby et al. (2011) studied 
the toxicity on Tisbe battagliai of eight usual constituents of dispersants and 
reformulated dispersants from these constituents and concluded that: a) anionic 
surfactant dioctyl sodium sulfosuccinate was the most toxic component, and b) small  
changes in the contents of two components of low or no toxicity, hydrotreated light 
distillate (CAS No. 64742-47-8) and monopropylene glycol produced significant 
increases in toxicity of the reformulated dispersant. The two most toxic STAs were 
those containing dioctyl sodium sulfosuccinate (according to the material safety data 
sheet OD4000 15-30% and Finasol OSR 51 <10%), although these ratios do not serve to 
explain the EC50 values obtained in the present work (Table 1.10). The solvent of both 
dispersants was a hydrotreated light distillate whose content was <70% and 30-60% for 
Finasol OSR 51 and OD4000 respectively, so observed toxicity may be conditioned by 
the solvent or other constituents not reported on the material safety data sheet. 
No toxic effect of STA was recorded on the growth of marine bacteria selected in the 
present study (Ph and Ps). Finasol OSR 51 and OD4000 significantly inhibited the lactic 
acid bacteria growth at the highest concentrations tested, descending such inhibition 
 Toxicity of spill-treating agents 
 
  V. Results 77 
according with the bivariate equation defined in (1.13). The global EC50, values 
obtained were 129 and 754 L/L highlighting the greater toxicity of OD4000 in 
comparison to Finasol OSR 51. A higher toxicity in terms of EC50 or EC10 values was 
found for both Finasol OSR 51 and OD4000 in the sea urchin bioassay. Those 
concentrations were much lower than caused by CytoSol and Agma OSD 569.  
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2. TOXICITY OF OIL 
2.1. EFFECTS OF SIMULATED WEATHERING ON THE 
TOXICITY OF SELECTED CRUDE OILS AND THEIR 
COMPONENTS TO SEA URCHIN EMBRYOS 
 INTRODUCTION 
Petroleum consists of a highly complex mixture of organic compounds, 
predominantly hydrocarbons and can be characterized by the relative content of the 
fractions of saturated hydrocarbons, aromatics, resins and asphaltenes (SARA analysis) 
because its physico-chemical properties are determined by the proportions of these 
major components. Saturated hydrocarbons (paraffins, iso-paraffins and naphthenes) 
have low aqueous solubility and toxicity. The aromatic fraction has been identified as 
containing the compounds mainly responsible for the acute toxicity of petroleum, and 
PAHs as the family of compounds of greater environmental concern (Neff and 
Stubblefield, 1995). 
The European Chemicals Agency (ECHA) recommends the hydrocarbon block 
method to assess the ecological risk of oil (ECHA, 2008). The method is based on the 
grouping of known compounds of similar properties into blocks to estimate the 
predicted environmental concentration (PEC), the predicted no effect concentration 
(PNEC), and subsequently the PEC/PNEC risk ratio of each individual block and the 
whole oil. This requires that the properties of individual compounds related to their fate 
in the environment (solubility, volatility) and toxicity have to be known or estimated. 
For this reason, it is solely applicable to those compounds that can be resolved by 
chromatographic techniques (mainly compounds from the saturated and aromatic 
fractions) but not so for compounds unresolved by gas chromatography such as the 
UCM. The proportion of the UCM in a spilt oil is determined by its origin, degree of 
weathering and/or biodegradation (Wang and Stout, 2007). The UCM of saturated, 
aromatic and polar fractions have all been shown to be toxic (Thomas et al., 1995; 
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Smith et al., 2001; Melbye et al., 2009), so it is important not to ignore unresolved 
components just because the exact composition cannot be determined by the available 
analytical methods (Warner et al., 1979). The difficulty in establishing causality 
between composition and effects has already been reported. For example, PAHs may 
not be the main cause of toxicity for certain oils (Barron et al., 1999), and the toxic 
contribution of the polar organic fraction may also be important (Warner et al., 1979; 
Wolfe et al., 1996; Middaugh et al., 2002). Recently Bellas et al. (2013) have shown 
that the increased toxicity of certain weathered oils cannot be explained on the basis of 
the changes in total PAH content. 
The term "weathering" involves a series of processes (evaporation, dissolution, 
dispersion, emulsification, photooxidation, biodegradation, spreading, and adsorption) 
that alter the physical and chemical characteristics of spilled oil. Evaporation is a crucial 
process in terms of material balance that results in losses of lighter saturate and aromatic 
compounds (monoaromatic and light PAHs), which is more marked for light crude oils. 
For this reason, the proportion of PAHs and their toxic contribution increases with 
evaporation (NRC, 2003). The photooxidation of aliphatics and aromatics fractions 
generates more polar and water soluble compounds such as ketones, aldehydes, 
carboxylic acids and esters (NRC, 2003). 
The present study was aimed at better understanding the effects of weathering on oil 
composition and toxicity. Artificial weathering of oil was performed by evaporation and 
photooxidation, and chemical fractionation to characterize compositional changes. The 
toxicity of the selected oils and their fractions were quantified by the sea urchin embryo 
test. 
 MATERIALS AND METHODS 
The following oils were used: Angolan crude oil (Dalia, API 23.14), Heavy Fuel Oil 
(HFO, API 11.47) (Radović et al., 2012).  
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OIL WEATHERING  
Photooxidation 
Photooxidation was performed on the oil samples, to simulate the weathering of oil 
at sea, using SUNTEST® CPS flatbed xenon exposure system from Atlas (Chicago, 
USA). It is equipped with 1500B NrB4 Xenon lamp that was operated at a potential of 
507.5 W/m
2
. An appropriate mass of each oil sample (ca. 0.4 g) was transferred to pre-
weighed petri dishes and spread to obtain uniform layer. Each sample was irradiated for 
6 hours. 
Evaporation 
Evaporation was performed to simulate the weathering of oil over the short-term (ca. 
2h) following a spill (Smith et al., 2006). Crude oil (1L) was placed in a pre-weighed 
crystallising dish (2L) in a fume hood (air flow 0.5 m/s) at room temperature for 24h. 
Evaporative loss was calculated for each oil. 
COARSE FRACTIONATION 
Open column liquid solid chromatography was used to fractionate the oils. A glass 
column packed with silica gel (60-100 mesh; 5% H2O; 40 g) under alumina (grade 1 
neutral; 1.5% H2O; 20 g) was loaded with oil (1 g), and the column eluted with hexane 
(2 column volumes), dichloromethane (DCM) (2 column volumes) and methanol (2 
column volumes) to provide aliphatic, aromatic and polar fractions respectively. The 
obtained fractions were used for toxicity tests. 
The oil samples were also analysed using thin layer chromatography with flame 
ionisation detection (TLC-FID) which is well established as an efficient, fast and cost 
effective method to obtain quantitative data on the composition of oils, more 
specifically the relative contents of saturates, aromatics, resins and asphaltenes (SARA 
analysis) (Bi, 2000; Kamiński et al., 2003).  
Using a sample spotter SES 3202/IS-02 (Ses GmbH, Nieder-Olm, Germany), 0.8 μL 
of the DCM oil solution was spotted onto silica-coated quartz rods (ChromaRod®-SIII). 
A three-step separation was performed using 100% n-hexane to 10 cm, 20:80% n-
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hexane:toluene to 5 cm and 5:95% methanol:dichloromethane to 2 cm, respectively. All 
eluents used were analytical grade (Suprasolv grade). After elution, the Chromarods® 
were dried at 40°C for 5 min to remove solvents and transferred into a MK-5 TLC–FID 
Iatroscan® apparatus (Iatron Labs, Tokyo, Japan) where each Chromarod® was 
scanned with the FID to detect the oil compound classes separated on the silica. The 
hydrogen flow rate was 160-180 mL min
−1
, the airflow rate was 2000 mL min
−1
 and the 
scanning speed was 30 s per Chromarod® burned. 
PREPARATION OF WATER ACCOMMODATED FRACTIONS AND OIL EXTRACTS 
Water accommodated fractions (WAFs) of weathered and unweathered oils (Angolan 
crude oil and HFO) were prepared by adding 3.5 g of to 87.5 mL of 0.22-µm FSW in a 
250 mL bottle with a teflon cap (loading rate, 40 g/L). The mixture was kept in the dark 
and shaken (150 rpm) for 24 h at 20 ºC. The aqueous phase was separated and used to 
obtain the FSW dilutions to be tested. The experimental concentrations tested (from 
1.25 to 1000 mL/L in geometric increments) were obtained by dilution of the WAF in 
FSW. 
DMSO extraction for each fraction or unweathered/weathered oil (Angolan crude oil 
and HFO) was performed at a ratio 1:9 (m:m) by orbital shaking (150 rpm) for 16 h at 
50⁰C and dilutions of the extract in DMSO. For the sea urchin embryo test, 1 mL/L of 
the extract was added to each vial with FSW. The experimental concentrations tested 
were 0, 10, 20, 50, 100, 250, 500 and 1000 μL/L. 
SEA URCHIN EMBRYO TEST 
The sea urchin embryo test was performed as previously explained in IV.1.2 section. 
The fertilised eggs were transferred to vials with 10 mL (WAF) or 4 mL (extracts of 
oil/fraction in DMSO) of FSW dosed with the oil or fraction to be tested.  
MATHEMATHICAL METHODS AND STATISTICAL ANALYSES 
Each dose-response relationship was described using model (IV.2). 
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The EC50 of each oil was estimated from the fractions by concentration addition 
(CA) and independent action (IA) models. CA model can be formulated as Junghans et 
al. (2006):  
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where ECxmix is the total concentration of a mixture corresponding to the effect x, pi 
are the relative proportions of the compounds in a mixture and ECxi are the equivalent 
effect concentration of the single substances.  
Independent action (IA) model (Bliss, 1939) is usually written as: 
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where E(cmix) is the total effect corresponding to the mixture and E(ci) are the effects 
of the individual constituents. 
Toxic units (TU) for each fraction were calculated according to the CA model and 
the following expression: 
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 RESULTS 
COARSE FRACTIONATION 
TLC-FID analysis of the weathered samples and their comparison to the original 
samples shows that the effects of weathering are somewhat different depending on the 
type of oil (Table 2.1). Simulated weathering resulted in losses of monoaromatics in the 
two oils. Aromatics content is decreasing due to photooxidation, while after evaporation 
in HFO its content is increased (Table 2.1).   
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Table 2.1. Aliphatics, monoaromatics, polyaromatics, total aromatics, polars and 
asphaltene content for fresh and weathered oils. An asterisk indicates a content statistically 
different from the unweathered fraction (* p < 0.05). 
  Content (%) 
Oil  Aliphatics Monoaromatics Polyaromatics Total  
aromatics 
Polars Asphaltenes 
        Angolan  No weathering 39.94±8.48 16.04±8.84 23.67±9.37 39.71±5.46 14.51±2.66 5.84±2.17 
 Evaporation 41.55±2.23 12.41±2.47 27.64±4.58 40.05±2.20 14.01±2.18 4.39±1.38 
 Xenon lamp 37.48±3.41 10.54±2.38 16.91±0.50 27.45±2.32* 30.65±2.32* 4.43±3.55 
Heavy  No weathering 16.44±2.70 10.96±8.13 39.22±11.26 50.18±3.27 17.76±2.46 15.63±3.28 
fuel Evaporation 17.16±1.47 10.65±9.27 44.64±12.70 55.28±4.87* 14.93±1.51* 12.63±4.32 
 Xenon lamp 17.03±0.85 8.26±0.46 39.30±2.25 47.55±1.95 22.22±1.87* 13.20±1.25 
Values ± 95% confidence intervals. 
The percentage of resins increased following irradiation in all samples due to the 
photooxidative transformation of aromatics (p <0.05, Table 2.1), while evaporation 
caused a slight decrease of the percentage of resins for HFO (p <0.05). Asphaltenes are 
the most resistant to weathering with both oils showing only slight changes in their 
content. 
SEA URCHIN EMBRYO TEST 
The WAF of the fresh Angolan crude showed similar toxicity to the evaporated oil 
suggesting very little change as would be expected 2h post spill. The photooxidised oil  
Table 2.2. Toxicity thresholds (NOEC. LOEC and EC10) and EC50 obtained with sea 
urchin embryo test for the water accommodated fraction of fresh and weathered Angolan 
and HFO. 
Oil Weathering EC50 
(mL/L) 
EC10 
(mL/L) 
NOEC 
(mL/L) 
LOEC 
(mL/L) 
      Angolan  No weathering 254.4 (216.7-298.7) 33.4 (24.2-45.9) 10 25 
 Evaporation 283.1 (235.1-340.9) 48.5 (32.9-71.5) 10 25 
 Xenon Lamp 394.2 (349.4-444.7) 104.0 (78.7-137.3) 25 50 
Heavy Fuel No weathering  147.3 (90.7-238.8) 50 100 
 Evaporation  70.3 (47.3-104.4) 25 50 
 Xenon Lamp  305.9 (231.3-404.6) 25 50 
      Values reported with 95% confidence intervals in parentheses. 
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was less toxic (p <0.05) (Table 2.2 and Figure 2.1). The toxicity of the HFO WAFs was 
remarkably low, and it was not possible to discern a clear trend (Table 2.2 and Figure 
2.1 ). 
 
Figure 2.1. Inhibition of sea urchin larval growth by the water accommodated fraction 
of Angolan crude oil (up) and HFO (down). The symbols represent fresh oil (—⃟—), 
weathering by evaporation (⋯⃞⋯), and weathering by Xenon lamp (˗ Δ ˗). Dose in 
mL/L. 
For the Angolan crude, no significant differences were found between the EC50 for 
the extract of fresh oil and evaporation-weathered oil, although oil weathered by Xenon 
lamp showed less toxicity than fresh oil (p <0.05) (Table 2.3 and Figure 2.2). No 
significant differences were detected in the EC50 for the extracts of fresh and weathered 
HFO (Table 2.3 and Figure 2.2). 
The most evident effect of weathering on oil toxicity was obtained for the aliphatic 
fraction (Table 2.3 and Figure 2.2), namely an increase in toxicity parameter values 
(EC10, EC50, NOEC, LOEC). It can be concluded from the EC50 values obtained for this 
fraction that weathering decreases toxicity (p<0.05) in the order   
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Figure 2.2. Inhibition of sea urchin larval growth by a extract of DMSO of Angolan 
crude oil (left) and HFO (right). The symbols represent fresh oil or fraction (—⃟—), 
weathering by evaporation (⋯⃞⋯), and weathering by Xenon lamp (˗ Δ ˗). The fraction or 
oil is indicated by text printed on each graph. Dose in μL/L.  
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Table 2.3. Toxicity thresholds (NOEC. LOEC and EC10) and EC50 obtained with sea 
urchin embryo test for the extracts in DMSO of fresh and weathered Angolan and HFO 
and their fractions. 
Oil Oil/Fraction Weathering EC50 
(µL/L) 
EC10 
(µL/L) 
NOEC 
(µL/L) 
LOEC 
(µL/L) 
       Angolan  Bulk No weathering 66.8 (50.6-88) 13.2 (7.7-22.2) 10 20 
  Evaporation 79.9 (57.1-111.6) 15.2 (8-28.4) 10 20 
  Xenon Lamp 166.6 (139.2-199.4) 23.2 (16.4-32.6) 10 20 
 Hexane No weathering 115 (103.8-127.4) 28.9 (23.6-35.3) 10 20 
 (aliphatics) Evaporation 254.6 (230.1-281.7) 52.1 (42.1-64.4) 50 100 
  Xenon Lamp > 1000 112.7 (74.9-169.2) 100 250 
 Dichloromethane No weathering 69.6 (48.1-100.6) 6.2 (3.2-11.3)  10 
 (aromatics) Evaporation 52.1 (35.2-76.8) 7.2 (3.5-14)  10 
  Xenon Lamp 52.2 (29.8-91) 5.7 (2-14.1) 10 20 
 Methanol No weathering 654.2 (226.6-1885.1) 32.8 (5.7-170.3) 10 20 
 (polars) Evaporation 47.9 (42.8-53.5) 5.9 (4.8-7.1)  10 
  Xenon Lamp 45.7 (34.4-60.6) 4.8 (2.9-7.6)  10 
       Heavy  Bulk No weathering 94.5 (81.3-109.8) 13.6 (10.4-17.8)  10 
Fuel  Evaporation 109.8 (95.8-125.7) 15.8 (12.3-20.2) 10 20 
  Xenon Lamp 93.9 (69.6-126.4) 7.3 (4.3-12)  10 
 Hexane No weathering 358.1 (294.7-435) 80.9 (52.1-125.5) 20 50 
 (aliphatics) Evaporation 537.8 (476.9-606.4) 145 (108.4-193.9) 100 250 
  Xenon Lamp 727.5 (645.6-819.8) 125.3 (96.2-163.1) 100 250 
 Dichloromethane No weathering 89.4 (67.3-118.5) 7 (4.2-11.3)  10 
 (aromatics) Evaporation 75.8 (65.2-88.2) 6.7 (5.1-8.6)  10 
  Xenon Lamp 59.3 (42.8-82.1) 3.9 (2.2-6.5)  10 
 Methanol No weathering 212.2 (170.4-264.1) 25.6 (16.6-39.1) 50 100 
 (polars) Evaporation 77.9 (58.5-103.5) 11.2 (6.7-18.5) 10 20 
  Xenon Lamp 57.9 (44.2-75.6) 6.4 (4-10) 10 20 
Values reported with 95% confidence intervals in parentheses. 
 
fresh>evaporated>photooxidated for both Angolan oil and HFO. The decrease in 
toxicity was more marked for the medium oil (Angolan crude) than for the heavy oil. 
Weathering caused an increase in the toxicity (EC50 values) of the aromatic fraction, 
although the differences between fresh and weathered oils were not statistically 
significant (p <0.05) (Table 2.3). For this fraction, no significant differences were found 
between Angolan oil and HFO. The toxicity of the polar fraction was significantly 
higher for weathered oil than for fresh oil (p <0.05) (Table 2.3).  
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Table 2.4. Toxic units (TU) for the dose corresponding to 50% effect (EC50) calculated 
according to the concentration addition model for the fresh and weathered oils. 
Oil Weathering Fraction TU 
    Angolan  Fresh Aliphatics 0.37 
  Aromatics 0.61 
  Polars 0.02 
  Asphaltenes 0 
 Evaporation Aliphatics 0.13 
  Aromatics 0.63 
  Polars 0.24 
  Asphaltenes 0 
 Xenon lamp Aliphatics 0.03 
  Aromatics 0.43 
  Polars 0.54 
  Asphaltenes 0 
    Heavy 
fuel  
Fresh Aliphatics 0.07 
  Aromatics 0.81 
  Polars 0.12 
  Asphaltenes 0 
 Evaporation Aliphatics 0.03 
  Aromatics 0.77 
  Polars 0.20 
  Asphaltenes 0 
 Xenon lamp Aliphatics 0.02 
  Aromatics 0.66 
  Polars 0.32 
  Asphaltenes 0 
    
 
The toxicity of the aromatic and polar fractions were both significantly greater than 
that of the aliphatic fraction in all cases tested (p <0.05) except for fresh Angolan crude 
(Table 2.3 and Figure 2.2). 
Toxic units were calculated for each fraction according to the concentration addition 
model, the relative proportions of each fraction in oil and assuming that the toxicity of 
the asphaltenes was negligible (Table 2.4). Aromatics explain most of the toxicity and 
polars are the second most important component, despite having less or similar 
abundance than aliphatics. The value of toxic units for the aliphatic fraction decreases in 
the order Fresh<Evaporated<Xenon and increases in reverse order for the polar fraction.  
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The predicted EC50 values were calculated based on the toxicity of their fractions and 
CA and IA models (Table 2.5).  
Table 2.5. Predicted EC50  values for the DMSO extracts of oil according to 
concentration addition (CA) and independent action (IA) models applied to the isolated 
fractions. 
Oil Weathering Predicted EC50oil  
(μL/L) 
  CA IA 
Angolan  Fresh 106.4 96.5 
 Evaporation 81.6 74.8 
 Xenon Lamp 80.8 61.8 
Heavy fuel  Fresh 144.7 131.7 
 Evaporation 104.9 93.9 
 Xenon Lamp 82.7 59.1 
 
 DISCUSSION 
Aromatic hydrocarbons, as defined by the aromatic fraction, were the main oil 
components responsible for the toxicity observed for the sea urchin embryo test. A 
reduction in the toxicity of the aliphatic fraction was observed following weathering and 
it is probably due to a loss of compounds of low molecular weight. The toxic 
contribution of this fraction was medium in Angolan crude (0.37-0.03 TU) and low 
(0.07-0.02 TU) for a heavy oil. The toxicity of the aromatic components increased 
following artificial weathering, in particular for the HFO. The toxic contribution of the 
polar fraction increases with weathering (Figure 2.2), and a greater contribution of the 
polar fraction was observed in the weathered oils compared to the aliphatic fraction 
(Table 2.4). 
A slight reduction in the toxicity of the medium Angolan crude (Dalia) was observed 
following weathering in the sea urchin tests performed with the water-accommodated 
fraction and the extract in DMSO, but no clear effect of weathering was found for the 
HFO. Photooxidative treatment with the Xenon lamp produces a slight reduction in 
toxicity for the Angolan crude in both WAF and extract in DMSO tests, and this 
correlates with a decrease of the toxic contribution of the aliphatic fraction (Table 2.4). 
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Artificial weathering methods do not substantially change the toxicity of the HFO since 
the toxic contribution of aromatics is decisive (~0.7-0.8 TU).  
Embryo-larval toxicity obtained for the WAF of a medium oil (Angolan crude) was 
higher than that of a heavy oil (HFO) (Table 2.2). However, the toxicity for DMSO 
extracts of these oils were similar (Table 2.3), possibly due to the higher capacity and 
rate of extraction of DMSO compared to water. The low toxicity of the WAF of a HFO 
is possibly caused by a low transferring rate of hydrocarbons from oil to water and a 
low concentration of total petroleum hydrocarbons as suggested by Tsvetnenko and 
Evans (2002). These authors found that: a) the WAF of a heavy oil showed a maximum 
concentration of total hydrocarbons (TPH) at 600 hours while the maximum TPH for 
medium and light crude oils were achieved within 24 hours; b) maximum TPH for light 
and medium crude oils were higher than that of the heavy oil. 
The water accommodated fraction has been considered more suitable for oil toxicity 
testing than to use a carrier because of a greater resemblance to natural conditions and 
the impossibility to find a low toxicity solvent capable of dissolving all compounds of 
oil (OECD, 2000). The chemical analysis of water-accommodated fraction has raised 
questions about the class of compounds causing toxicity (Barron et al., 1999; Neff et al., 
2000), and these findings underline the need of using other approaches for identification 
purposes. In this paper, fractionation and biological testing were used to establish cause-
effect relationships between the toxicity of coarse fractions and oil. The use of an 
extract in DMSO of an oil fraction or oil has made possible to: a) test the potentially 
active compounds in water (Warner et al., 1979); b) consider all the compounds of a 
fraction irrespective of the proportion that can be solved by chromatographic methods; 
c) obtain reproducible results with low sample volumes; and d) evaluate the changes of 
toxicity for a fraction/oil caused by the artificial weathering methods. However, it was 
not possible to establish causality between the compounds belonging to each fraction 
and the toxic response; thus, finer fractionation procedures may be recommended in 
future research.  
In the past, similar approaches have been used to assess the contribution of toxic 
fractions of oil. The purpose of those studies was not to evaluate the effect of 
weathering on the toxicity of fractions or oil, the fractionation procedures were 
 Toxicity of oil 
 
  V. Results 91 
different, and the results are not fully comparable. Some authors (Warner et al., 1979; 
Wolfe et al., 1996) found that aromatic and polar fractions showed significant toxicity 
in oil and extracts of affected sediments. Other authors (Middaugh et al., 2002; Melbye 
et al., 2009) performed an extraction and fractionation of the water soluble fraction of a 
weathered oil and found that the greatest toxic contribution was obtained for the polar 
fraction. The present paper shows that the polar fraction may play an important role in 
the effect of weathering on oil toxicity (Figure 2.2, Table 2.3 and Table 2.4). An 
increase in polars content and a slight decrease in the proportion of total aromatics have 
been observed in the photooxidative treatment for both Angolan and HFO (Table 2.1), 
and this agrees with the results found by Garrett et al (1998) for UV treatment of oil. 
The photooxidation of hydrocarbons is a mechanism that could generate compounds of 
higher polarity, solubility and reactivity (hydroxylated derivatives, ketones, aldehydes, 
carboxylic acids and esters) (NRC, 2003) and thus explain the increase of the polar 
fraction toxicity for the Xenon lamp treatments. However, the authors of the present 
study have not been able to suggest a process responsible for the increase of toxicity in 
this fraction for weathered oils by evaporation. Small amounts (1.1-5.1 mg) of the polar 
fraction were obtained and the relevance of the results suggests performing oil 
fractionation at a larger scale in future research. Some authors (Aeppli et al., 2012) have 
found that oxygenated hydrocarbons generated by weathering were eluting in the polar 
and asphaltene fractions defined by TLC-FID chromatograms, which raises doubts 
about the assumption of negligible toxicity for the asphaltene fraction. 
It is generally accepted that weathering decreases oil toxicity due to the loss of more 
volatile and soluble compounds (Bobra et al., 1983; Di Toro et al., 2007). This is 
moderately in agreement with the results shown for the extracts of a fresh and 
weathered medium oil but not for the HFO. Neff et al. (2000) conclude that monocyclic 
aromatic hydrocarbons (MAHs) are primarily responsible for the acute toxicity of light 
oils and toxic contribution of PAHs increases with weathering. In this study, the toxicity 
of the aromatic fraction to sea urchin embryos slightly vary with weathering for medium 
and heavy oil (Table 2.3); hence the decrease of overall toxicity seems to be related to 
the drop of toxicity of the aliphatic fraction. 
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The interpretation of the toxicity observed in a sample of water containing 
hydrocarbons will depend on the available analytical information (resolved plus 
unresolved) for the compounds of each fraction and the whole set. Oil weathering 
causes a decrease of the peaks resolved by chromatography and an increase of the UCM 
which depends on the oil or oil fraction considered (Wang and Stout, 2007). Neff et al. 
(2000) and Barron et al. (1999) proposed that other group of components besides MAHs 
and PAHs might have contributed to the toxicity of the WAF of middle volatility oils; 
and the polar compounds and UCM were the most likely candidates. Bellas et al. (2013) 
also found that weathering of a standard fuel oil in seawater by magnetic stirring and 
photooxidation caused an increase of the WAF toxicity with time which was not related 
to aromatic hydrocarbon levels. The HFO mainly contains a residual fuel and a smaller 
proportion of lower boiling components; hence the significant presence of the UCM in 
the chromatograms normally obtained by GC-MS. Some authors (Hatlen et al., 2010; 
Incardona et al., 2012) have shown that the increase of toxicity with light observed for 
the WAF of residual fuel oils cannot be explained exclusively by the PAH concentration 
and suggested that unidentified chemicals, in particular the heterocyclic compounds, 
could present potent phototoxicity. For these reasons, parental PAHs should not be the 
only group of compounds monitored after an oil spill.  
The predicted EC50 for the sea urchin assay by CA and IA models is quite close to 
the observed values (Table 2.3 and Table 2.5). This would be in line with the 
widespread assumption of a non-specific mode of action, called narcosis, for petroleum 
compounds (Di Toro et al., 2000). Some authors (Billiard et al., 2008) have questioned 
that the toxicity of PAHs may be due to nonspecific mechanisms. The experimental 
design of this work is not adequate to discern this, and additivity between compounds 
and/or petroleum fractions deserves further research.  
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2.2. TOXICITY OF BINARY MIXTURES OF OIL FRACTIONS TO 
SEA URCHIN EMBRYOS 
 INTRODUCTION 
Oil is a complex mixture of hydrocarbons whose composition after a spill depends on 
its geographical origin, refining process, along with weathering and mixing in the 
environment (Wang and Stout, 2007). The toxicity assessment of a mixture of 
compounds relies on exposure data, the effects of each compound data and the 
complexity of the mixture (Suter II, 2007). The assessment and interpretation of oil 
toxicity is a complex task addressed by different approaches in the past. 
The hydrocarbon block method (HBM) (King et al., 1996) is an approach to 
environmental risk assessment aimed to petroleum substances. It is based on grouping 
compounds with similar physicochemical properties, assuming a narcotic mode of 
action for hydrocarbons and additive toxicity between blocks. These assumptions have 
been validated by numerous acute toxicity studies (Broderius and Kahl, 1985; McGrath 
and Di Toro, 2009; Melbye et al., 2009; Redman et al., 2012). The predictive character 
of the HBM depends on several factors. In the first place, the resolution of the 
chromatographic method and assignation of mass fractions for each block. Secondly, 
that toxicity of the compounds could be known or, at least, estimated by quantitative 
structure-activity relationships. And finally, the realism of the estimations of its 
distribution in the environmental compartments (air, water, oil).  The LC50 of a narcotic 
compound is estimated by the target lipid model (TLM) using the values of critical body 
burden for a given species, the octanol-water partition coefficient and a chemical class 
correction (Di Toro et al., 2000). It is not possible to resolve chromatographically all 
compounds that belong to a certain type of oil, nor know the properties of each 
compound, its mode of action or other factors involved in toxicity (secondary mode of 
action, uptake kinetics, transportation, metabolism, compartmentation and excretion) 
(Cedergreen et al., 2008). This highlights the practical usefulness of the HBM for 
predicting acute or chronic lethality given the current state of science. However, the 
high toxic potency of PAHs (Di Toro et al., 2000), their phototoxicity (Bellas et al., 
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2008) and specific modes of action (Billiard et al., 2008) raises doubts about the 
assumption of additivity. 
The content of total petroleum hydrocarbons (TPH) in a sediment or water sample 
does not provide information about its composition nor serve to correlate the observed 
toxicity with a certain group of compounds. Due to this, whole mixture approaches 
combining chemical fractionation of oil with toxicity tests have been used in order to 
identify the most toxic components (Wolfe et al., 1996; Melbye et al., 2009). The 
characterization of oil properties is commonly performed by compound classes content 
–saturates, aromatics, resins and asphaltenes– or fractions composition corresponding to 
a range of equivalent carbon number (e.g. >EC10-EC16) (Rial et al., 2013; Cermak et 
al., 2013). The toxicity of a fraction sums up the additive, synergistic or antagonistic 
effects of all sample compounds including the UCM; though the predictive capability of 
such an approach highly depends on the similarity of the tested fractions (Kortenkamp 
et al., 2009; Jonker et al., 2011). 
The toxicity of a chemical mixture is usually assessed by two reference models: 
concentration addition (CA) and independent action (IA). Reliability in one of the 
models is expected to depend on the characteristics of the compounds. This is, CA 
model would be a better option for compounds with a common mode or mechanism of 
action, whereas  IA model would be a better choice for dissimilarly acting compounds 
(SCHER et al., 2012). 
Sea urchins are economically and ecologically important species whose embryonic 
development is highly sensitive to oil (Allen, 1971). The measure of length for the 
embryo-larval test instead of abnormalities has allowed a considerable standardization 
and a high consistency of the obtained results (Beiras et al., 2012). This test, among 
other purposes, has been successfully used for testing the toxicity of: a) a mixture of 
polycyclic aromatic hydrocarbons (Bellas et al., 2008), b) the water accommodated 
fraction following weathering (Bellas et al., 2013) or c) water and sediment samples 
taken after an oil spill (Beiras and Saco-Alvarez, 2006). 
The aim of this work was to gain a better understanding of the acute toxicity of the 
mixtures of coarse hydrocarbon fractions. For this purpose, aliphatics, aromatics and 
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polars were isolated by column chromatography from a Maya crude oil. Extractions 
with dimethyl sulfoxide of each fraction and mixtures of extracts were performed and 
the toxicity of the binary mixtures assessed by a sea urchin embryo-larval test. The 
predictive ability of the CA and IA models was compared to describe the toxicity of the 
mixtures of fractions (aliphatics-aromatics, aliphatics-polars and aromatics-polars). 
 MATERIAL AND METHODS 
COARSE FRACTIONATION 
Maya crude oil was provided by Repsol YPF S.A. (A Coruña, Spain). The 
asphaltenes were precipitated in n-pentane (20 g oil:200 mL pentane) by centrifugation 
at 931 g for 10 min. Asphaltenes were washed 6 times by resuspension in an ultrasonic 
bath (20 min) and centrifugation (931 g for 10 min) to minimize the adsorbed 
hydrocarbons. The deasphalted fraction was concentrated on a rotary evaporator at 
reduced pressure and 25°C. 
20 g of deasphalted fraction was added to a glass column (75 cm × 4 cm) packed 
with activated silica gel (70-230 mesh; 450 g) (Sigma-Aldrich, Inc. St. Louis, USA). 
The column was eluted with 3 L of pentane, 2 L of dichloromethane:pentane (85:15, 
v:v) and 2 L of dichloromethane:methanol (1:1, v:v) to obtain saturated, aromatic and 
polars respectively. Solvents were partially removed in the rotavap at reduced pressure 
and 25°C. A slight amount of each fraction was dissolved in hexane for chemical 
analyses. 
EXTRACTION IN DIMETHYL SULFOXIDE AND TEST MIXTURES. 
The solvent of the aliphatic, aromatic and polar fractions (~ 1 g) was evaporated by a 
gentle nitrogen stream. Dimethyl sulfoxide (DMSO) was selected as a carrier for oil 
because of low toxicity (8 mL/L NOEC/48h for P. lividus) (Bellas et al., 2005) and 
ability to dissolve the potential biological active compounds (Warner et al., 1979). 
DMSO was added at a 9:1 ratio (DMSO:oil fraction, w:w), extracted by orbital shaking 
(150 rpm) for 24 h at 50°C and the extract of each fraction in DMSO removed with a 
microsyringe.  
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The range of concentrations to be tested was determined in a preliminary experiment 
(data not shown). The pure extracts were diluted with DMSO by microsyringe in vials 
with fused-in 300 μL inserts to obtain the single doses and binary mixtures of the 
fractions.  
CHEMICAL ANALYSES 
1 mL of the DMSO extract of each fraction was added to 1 L of 0.22 µm FSW and 
hydrocarbons were extracted per triplicate with 50 mL of DCM. The organic extracts 
were dried over anhydrous Na2SO4, concentrated by vacuum evaporation and diluted to 
10 mL with DCM. Hydrocarbon content of the fractions was determined per triplicate in 
samples of 3 mL by gravimetric quantification. The remaining volume of the sample 
was concentrated 10 times for chromatographic analysis (only for aliphatics and 
aromatics).  
The chemical analyses were performed using an Agilent Gas chromatograph-Mass 
Selective Detector (GC-MSD) system (Autosampler 7693, GC 7890A, MSD 5975C) 
operated by MSD Productivity ChemStation Software (Rev. E.02.00 SP2). Separation 
was carried out on a HP-5MS capillary column (60 m × 25 mm, 0.25 μm film thickness) 
from Agilent (Agilent J&W, USA). Helium (Alphagaz 
TM
 2 B50 purity) was employed 
as carrier gas at a constant linear average velocity of 18.84 cm/s. The GC oven 
temperature was programmed from 40°C (held 1 min) to 325°C at 6°C/min holding the 
final temperature for 20 min (total analysis time: 68.5 min). Two detectors were used: a 
selective mass detector, 5975C inert MSD with Triple-Axis Detector in mode scan 40-
450, and a flame ionisation detector (FID) at 325°C. A volume of 1 μL of each fraction 
was injected in mode splitless (325°C) with a septum purge flow of 3 mL/ min. 
A search of the quantification and confirmation ions of aliphatics, mono- and 
polycyclic aromatic hydrocarbons was performed according to the CEN Methodology 
(Daling and Faksness, 2002) and it was concluded that the fractionation obtained was 
correct. 
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SEA URCHIN EMBRYO TEST 
The sea urchin embryo test was performed as previously explained in IV.1.2 section. 
The medium was dosed with 1 mL/L of the extract in DMSO of the fraction or mixture 
of fractions to be tested (Table 2.6).  
Table 2.6. Concentrations of Maya crude oil fractions used in the tests. The 
experimental design involved nine concentrations for singles doses of each fraction and a 
factorial design of 5×5 concentrations for binary mixtures. Concentrations for mixtures are 
underlined. 
 Fraction Concentration (μL/L) 
   Aliphatics-Aromatics Aliphatics 0, 50, 100, 200, 350, 500, 650, 750, 850, 1000 
 Aromatics 0, 1, 5, 10, 20, 50, 75, 150, 250, 500 
Aromatics-Polars Aromatics 0, 1, 5, 10, 20, 30, 60, 100, 250, 500 
 Polars 0, 5, 15, 50, 100, 150, 250, 500, 750, 1000 
Aliphatics-Polars Aliphatics 0, 50, 100, 200, 300, 400, 600, 800, 900, 1000 
 Polars 0, 10, 20, 50, 100, 200, 400, 600, 800, 1000 
    
MATHEMATICAL MODELS 
Dose-response univariate equation 
The dose-response relationship for each fraction was described using the modified 
Weibull model (IV.2). 
The slope at the median abscissa of Weibull density function (vmed) was calculated by 
reparametrizating m as (Vázquez et al., 2012): 
 
ln 2
2
medv K
m

  (2.4) 
CA hypothesis 
Initially for the joint description of two chemicals on biological response, the inverse 
of equation (IV.2) is required to apply the CA model: 
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 (2.5) 
where Ci is the concentration of the effector i that produce the response R and f
-1
(R) 
is the inverse function of the Weibull model. The CA model has to be solved by 
iteration to find the parameters of the single equations and the values of predicted 
response (R) which minimizes the residual sum of squares and satisfy the following 
condition (Berenbaum, 1985):  
 1
1
1
( )
n
i
i i
c
f R
 ; or more commonly 
1
1
n
i
i i
c
C
  (2.6) 
where, ci is the concentration of chemical i in the mixture and Ci is given by 
expression (2.5).  
A unique maximum response (K) is assumed in the CA model (Jonker et al., 2005). 
The equation for two toxic agents is as follows:  
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1 1
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1 2
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ln 2 ln 2
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    
      
 
(2.7) 
A simplified version of the CA model (hereinafter called CA_M) which makes 
possible to obtain directly the function parameters by non linear regression was reported 
by Murado and Prieto (2013): 
  1 2 ; , ,R W uC C K m a     (2.8) 
where C1 and C2 are the concentrations of the effector 1 and 2 respectively and u a 
factor which shows the toxic potency of the former over the latter. The same maximum 
effect (K) and shape parameter (a) is assumed for both effectors. 
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IA hypothesis 
The IA model for two agents is often formulated as follows (Bliss, 1939): 
   mix 1 2( ) 1 1 ( ) 1 ( )R C R C R C      (2.9) 
   1 1 1 1 2 2 2 21 1 ( ; , , ) 1 ( ; , , )W C K m a W C K m a      
where R(Cmix) is the response corresponding to the mixture and R(C1) and R(C2) are 
the response to the agents 1 and 2. 
Murado and Prieto (2013) have also proposed a modification of the IA model 
(hereinafter called IA_M): 
      mix 1 2 1( ) 1     R C R C R C s R C  (2.10) 
where R(Cmix) is the total effect corresponding to the mixture, R(Ci) the effects of the 
individual constituents and s a term that express deviations from IA model. Values of s 
lower than 1 means synergism and higher than 1 define antagonism. 
STATISTICAL ANALYSES 
The extra sum-of-squares F test and the Akaike´s information criterion (AIC) were 
used for comparing models (IV.4). 
 RESULTS AND DISCUSSION 
CHEMICAL ANALYSIS 
The mass content for fractions was: 35.1, 41.7, 8.7 and 14.5 % for aliphatics, 
aromatics, polars and asphaltenes respectively. The hydrocarbon concentrations 
determined by gravimetric analysis of the extracts in DMSO were: 12.0±1.8 mg/mL, 
39.0±0.5 mg/mL and 20.5±2.5 mg/mL for aliphatic, aromatics and polars fractions, 
respectively, so solubility of these fractions in DMSO was aromatics > polars > 
aliphatics. Therefore the use of DMSO as a carrier involved a partial solubilization 
which worked out to be different for each fraction. Chromatograms of the fractions 
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dissolved in hexane or DMSO showed high similarity for aromatics but a lower 
similarity was found for aliphatics which indicated a loss of lower molecular weight 
substances and a higher toxic contribution of the UCM (Figure 2.3). 
 
Figure 2.3. Comparison of FID chromatograms obtained for aliphatic (left) or aromatic 
(right) fractions dissolved in hexane (upper) or extracted with DMSO and redissolved in 
DCM (down). 
SEA URCHIN BIOASSAY 
Both satisfactory fitting of the eq. (IV.2) to the single dose-response data with 
statistically significant parameters and high correlation between observations and 
predictions were obtained in all cases (Table 2.7). The toxicity of the extract in DMSO 
measured as EC50 (µL/L) was: aliphatics (165.8-242.3) < polars (87.1-115.7) < 
aromatics (20.5-34.6) (Table 2.7). EC50 values as hydrocarbon concentration (mg/L) 
showed a similar behaviour but with values closer to each other: aliphatics (2.00-2.93) < 
polars (1.79-2.37) < aromatics (0.80-1.35). The EC50 values estimated for the same 
fraction also showed an overlap of the confidence intervals (Table 2.7). However, the   
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Table 2.7. Growth inhibition of sea urchin larvae by single fractions. Parametric 
estimates and confidence intervals (α=0.05) obtained by fitting experimental data to 
equations (IV.2) and (2.4). p-value from Fisher´s F- test. R2adj: adjusted coefficient of 
multiple determination. Mean ± 95% confidence interval. 
Fraction Experiment K EC50 
(μL/L) 
EC50 
(mg/L) 
a vmed 
(L/μL) 
vmed 
(L/mg) 
p-
value 
R2adj 
                    
Aliphatics Aliph. & Arom. 1.000±0.178 242.3±84.4 2.93 0.935±0.245 0.00134±0.00052 0.11 0.000 0.989 
 Aliph. & Pol. 0.904±0.138 165.8±56.9 2.00 0.875±0.314 0.00165±0.00075 0.14 0.000 0.978 
Aromatics Aliph. & Arom. 1.000±0.092   34.6±9.9 1.35 0.774±0.178 0.00775±0.00261 0.20 0.000 0.988 
 Arom. & Pol. 1.000±0.111   20.5±8.0 0.80 0.625±0.178 0.01057±0.00475 0.27 0.000 0.979 
Polars Arom. & Pol. 1.000±0.149   87.1±39.1 1.79 0.789±0.343 0.00314±0.00177 0.15 0.000 0.966 
 Aliph. & Pol. 0.996±0.060 115.7±21.2 2.37 0.950±0.182 0.00284±0.00071 0.14 0.000 0.993 
           
coefficient of variation of this parameter was 26.5% for aliphatics, 36.3% aromatics and 
19.9% polars which may be caused in part by a low number of cases (n=2).  
The values of the parameter a were similar, unlike the slope at the median (vmed) 
whose values showed the behaviour observed for EC50: aliphatics (0.00134-0.00165 
L/μL or 0.11-0.14 L/mg) < polars (0.00284-0.00314 L/μL or 0.14-0.15 L/mg) < 
aromatics (0.00775-0.01057 L/ μL or 0.20-0.27 L/mg) (Table 2.7).  
The compounds of the polar fraction cannot be identified by the usual techniques of 
GC-MS, which added to the intermediate position (as EC50) of this fraction, highlights 
its contribution to the oil toxicity. Rial et al. (2013) found with a similar approach that 
the toxic contribution of the polar fraction for Angolan crude and a heavy fuel oil 
increased with weathering and was higher than alkane fraction in most cases. Singh and 
Gaur (1990) reported that aromatics and polars (referred to as «asphaltics» in that work) 
exhibited similar toxicity and it was greater than aliphatics for different oils tested with 
Anabaena doliolum. These results revealed that more research is needed to identify 
compounds or groups of compounds of the polar fraction using techniques outside 
traditional GC-MS (Aeppli et al., 2012) and there is also a need to determine causal 
links between these compounds and the observed toxicity. 
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Table 2.8. Model comparison for the mixture of fractions tested. p: number of model 
parameters; RSS: residual sum of squares; R2adj: adjusted coefficient of multiple 
determination. p-value from Fisher´s F- test (eq. (IV.12)) of accepting that the more 
complex model (nested models) explain better the data. AIC Prob: relative likelihood 
calculated by equation (IV.14) of accepting model a (row) regarding to model b (column). 
An asterisk indicates the model selected depending on each criterion. 
Fractions Model p RSS 
2
adjR   p-value  AIC Prob. 
      (F-test)  CA_M CA IA IA_M 
            Aliphatics  CA_M 4 0.03916 0.9884     0.132 0.216 0.554 
and Aromatics CA 5 0.03382 0.9897  0.017*  0.868  0.645* 0.891 
 IA 6 0.03258 0.9901*  *  0.784 0.355  0.818 
 IA_M 7 0.03258 0.9898  0.986  0.446 0.109 0.182  
Aromatics  CA_M 4 0.13686 0.9619     0.070 0.544 0.830 
and Polars CA 5 0.11447 0.9673*  0.009*  0.930*  0.941 0.985 
 IA 6 0.12166 0.9647  *  0.456 0.059  0.804 
 IA_M 7 0.12115 0.9636  0.694  0.170 0.015 0.196  
Aliphatics  CA_M 4 0.09150 0.9689  *   0.448 0.072 0.227 
and Polars CA 5 0.08526 0.9701  0.099  0.552  0.087 0.265 
 IA 6 0.07182 0.9747*  *  0.928 0.913*  0.792 
 IA_M 7 0.07128 0.9742  0.598  0.773 0.735 0.208  
            
 
An experimental design for the mixtures (5x5) combined with simultaneous testing 
of all doses in each experiment has been useful to increase the reliability and to avoid a 
false positive or negative (De Laender et al., 2009; Jonker et al., 2011). Models (2.7)-
(2.10) presented good fit values for joint toxicity data, high adjusted coefficient of 
determination, statistically significant parameters and non biased residual distribution 
(Table 2.8 and Figure 2.4-Figure 2.6). In the three tested cases CA model describes 
better the data than CA_M according AIC and in two cases using the extra sum of 
squares F-test (Table 2.8). This may be because the CA_M model implicitly assumes 
the same slope (vmed) for both fractions which is not satisfied (Table 2.7), and it is also 
illustrated by parallel isoboles for CA_M and straight (but not parallel) isoboles for CA 
(Figure 2.4-Figure 2.6). The comparison using the F test of IA_M model vs. IA showed 
that IA explained better the data in all cases (Table 2.8). The parameter s of IA_M 
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model showed no significantly different values of 1 in all cases, which indicates the 
absence of synergistic or antagonistic effects. 
The comparison of non-nested models by AIC showed that CA model had a greater 
likelihood in two cases: aliphatics-aromatics, aromatics- polars, and IA in the last case: 
aliphatics-polars (Table 2.8). CA is 1.8 times more likely to be correct than IA for 
aliphatics-aromatics mixtures and 15.8 times for aromatics-polars. For aliphatics-polars 
the relative likelihood of IA is 10.5 times higher than CA according to AIC criterion. 
These results indicate the suitability of CA as a reference model to describe the toxicity 
of petroleum; nevertheless, an accurate description of the toxicity observed for the  
Table 2.9. Growth inhibition of sea urchin larvae by mixture of fractions. Parametric 
estimates of models CA, CA_M, IA and IA_M and confidence intervals (α=0.05). Mean ± 
95% confidence interval. 
Model Parameter  Experiment  
  
Aliphatics (1) & 
Aromatics (2) 
Aromatics (1) 
& Polars (2) 
Aliphatics (1) 
& Polars (2) 
          CA_M K 1.020±0.029 1.000±0.047 0.990±0.056 
 m 38.3±4.5 72.4±16.1 105.4±17.3 
 a 0.840±0.070 0.720±0.113 0.881±0.121 
 u 0.171±0.021 3.025±0.802 0.555±0.098 
CA K 1.000±0.050 1.000±0.065 1.000±0.067 
 m1 232.2±30.3 21.8±6.4 177.0±39.8 
 a1 0.961±0.123 0.618±0.149 0.771±0.159 
 m2 34.3±5.6 82.6±19.3 116.2±24.4 
 a2 0.775±0.105 0.879±0.236 0.984±0.228 
IA K1 1.000±0.108 1.000±0.106 0.900±0.082 
 m1 242.4±49.2 23.5±8.0 159.4±32.2 
 a1 0.960±0.149 0.614±0.144 0.934±0.188 
 K2 1.000±0.052 1.000±0.081 1.000±0.071 
 m2 35.8±5.6 95.3±21.4 116.6±21.3 
 a2 0.771±0.094 0.916±0.223 0.905±0.151 
IA_M K1 1.000±0.110 1.000±0.109 0.901±0.085 
 m1 242.4±50.2 23.7±8.3 161.1±34.2 
 a1 0.960±0.152 0.611±0.146 0.926±0.192 
 K2 1.000±0.053 1.000±0.083 1.000±0.074 
 m2 35.8±5.7 95.4±22.0 117.7±23.1 
 a2 0.771±0.096 0.907±0.226 0.897±0.155 
 s 1.000±0.029 0.989±0.058 0.982±0.071 
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CA CA_M 
  
IA IA_M 
  
Figure 2.4. Inhibition of sea urchin larval growth (R) by joint action of aliphatics and 
aromatics modeled according to concentration addition (CA, upper left), modified 
concentration addition (CA_M, upper right), independent action (IA, down left) and 
modified independent action (IA_M, down right). For each model, isobolic representation 
of the response surfaces (left) and plots of experimental vs. predicted values (right) are also 
shown.   
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CA CA_M 
  
IA IA_M 
  
Figure 2.5. Inhibition of sea urchin larval growth (R) by joint action of aromatics and 
polars modeled according to CA, CA_M, IA and IA_M hypotheses. The rest of keys are 
similar to those showed in Figure 2.4. 
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CA CA_M 
  
IA IA_M 
  
Figure 2.6. Inhibition of sea urchin larval growth (R) by joint action of aliphatics and 
polars modeled according to CA, CA_M, IA and IA_M hypotheses. The rest of keys are 
similar to those showed in Figure 2.4. 
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mixture of fractions was also obtained with IA (Table 2.8-Table 2.9, Figure 2.4-Figure 
2.6). In fact, differences between predicted values by CA and IA are small and the 
choice of one or the other as a more accurate model depends on the selected criterion 
(residual sum of squares, 
2
adjR  or AIC) (Table 2.8). Cedergreen et al. (2008) found that 
joint toxicity of binary mixtures of compounds with different modes of action (in 158 
cases selected) were adequately described by IA (20%), CA (10%), either CA or IA  
(20%) and neither CA nor IA (50%). Belden et al. (2007) found that 88% of pesticide 
mixtures (n=207) showed a deviation from the predicted EC50 by CA of a factor of two 
and that pesticides with the same mode of action showed less deviation ratio from CA 
than those with different mode of action or pesticide group. In this case, a clear 
correspondence between the expected mode of action of the fractions 
(similar/dissimilar) and reference model (CA/IA) was not found.  
The CA seems conceptually more appropriate than IA to describe the joint toxicity of 
hydrocarbons because is consistent with the assumption of a non-specific mode of 
action or narcosis. However, a better fitting of IA model is found for the mixtures of 
aliphatic and polar fractions which may be due to: a) different modes of action 
(nonpolar narcosis for aliphatics vs. polar narcosis for polars); or b) aliphatics and 
polars are the first and third elements respectively in the sequence of fractionation, so 
overlapping is unlikely. Some authors have proposed that the toxicity of nonpolar and 
polar narcotics can be explained based on a common quantitative structure-activity 
relationship (Vaes et al., 1998); nonetheless, non-additivity has been found for mixtures 
of nonpolar and polar narcotics which has led to some authors to suggest different 
mechanisms of partitioning in the membranes (Roberts and Costello, 2003). The 
accuracy of CA model in this work may also be related to the large number of 
compounds that constitute the fractions. In this respect, the funnel hypothesis predicts 
that when the number of non-polar components of a mixture increases, deviations from 
additivity decrease; and such hypothesis has also been extended to chemicals with 
dissimilar mode of action (Warne and Hawker, 1995; Tian et al., 2012). Moreover, 
synergistic or antagonistic effects on ternary or quaternary mixtures of fractions seem 
unlikely to be observed since binary mixtures do not exhibit such effect (Cedergreen et 
al., 2012). Rial et al. (2013) found that the EC50 of the extract in DMSO of an Angolan 
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crude or a heavy fuel oil could be predicted with a moderate precision from the toxicity 
of the aliphatic, aromatic and polar fractions using CA or IA models. Hydrocarbon 
fractions of different boiling point ranges showed lower toxicity than additive on a soil 
concentration basis and close to additive on a tissue concentration basis for the 
earthworm Eisenia andrei (Cermak et al., 2013).  
The predictive ability of a whole mixture approach which combines fractionation and 
toxicity bioassays will depend on the degree of similarity obtained for the fractions. The 
toxicity of the fractions as EC50 for P. lividus was 115.0, 69.6 and 654.2 μL/L for 
aliphatics, aromatics and polars of an unweathered Angolan crude and 358.1, 89.4 and 
212.2 μL/L respectively for a heavy fuel oil (Rial et al., 2013) compared to 165.8-242.3, 
20.5-34.6 and 87.1-115.7 μL/L for the aliphatic, aromatic and polar fraction of the Maya 
crude oil obtained in the present work. These results are similar to those obtained by 
Singh and Gaur (1990) who reported that fractions of different oils exhibited different 
toxicity. Many authors have performed a finer fractionation to describe the compounds 
and groups responsible of oil toxicity (Verbruggen et al., 2008), although the 
assumption of additive toxicity has been scarcely tested for aliphatic and aromatic 
fractions (Cermak et al., 2013) and validation for the polar fraction has not been 
investigated. A more specific fractionation would have led to a greater degree of 
similarity in the fractions and a higher predictive capability of this type of approach, so 
further research is required to clarify this matter. 
The joint acute toxicity of binary mixtures of fractions was found to be close to 
additivity. However, this does not imply that these results can be directly extrapolated 
from acute to chronic effects. Landrum et al. (2012) have indicated that the organic 
compounds with specific modes of action often show chronic critical body residues for 
mortality and other endpoints lower than for lethality via narcosis. Billiard et al. 
(Billiard et al., 2008) have also found that PAHs show specific modes of action for early 
life stages of fish and the developmental toxicity of mixtures of PAHs does not have to 
be necessarily additive. A high degree of uncertainty of toxic effects relies on the UCM 
and especially on the polar fraction. Polar fraction is practically non resolved by the 
usual methods of GC-MS and its concentration is not commonly measured after an oil 
spill. Further research is needed to address the role of polar fraction in risk assessment 
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because: a) its acute toxicity was moderate, b) its combined toxicity together with 
aliphatics and aromatics was approximately additive, c) the polar constituents and its 
toxicity increase as a result of weathering (Aeppli et al., 2012; Rial et al., 2013). 
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3. TOXICITY OF OIL AND SPILL TREATING AGENTS. 
3.1. JOINT TOXICITY OF SPILL TREATING AGENTS AND OIL 
TO SEA URCHIN EMBRYOS. 
 INTRODUCTION 
Spill treating agents are chemicals developed to assist in cleaning up or removing oil 
(Fingas, 2011b). Dispersants are expected to promote the formation of small droplets of 
oil into the water column and shoreline cleaning agents are applied to the shorelines to 
release the oil (Fingas, 2011b). In both cases, the STA to oil ratio determines the 
effectiveness of the technique. A dispersant to oil ratio (DOR) of 1:20 is commonly 
considered optimal, although a ratio of 1:10 can be required for emulsified and viscous 
heavy oils (NRC, 2005). Ratios for shoreline cleaning agents are usually higher (1:5-
1:2.5) (USEPA, 1993). Since the thickness of the oil layer varies, there will inevitably 
be areas with over-dosing and under-dosing in any dispersant or shoreline cleaning 
agent spraying operation (EMSA, 2010). 
The action of an STA is related to a physical phenomenon resulting in an increased 
exposure to hydrocarbons in the water column. Toxicity of dispersed oil can be a result 
of: 1) dissolved materials; 2) particulate phase; 3) enhanced uptake (Singer et al., 1998). 
Complications related to the testing of oil and STAs have led the Chemical Response to 
Oil Spills Environmental Research Forum (CROSERF) to propose standard conditions 
for assessing oil and dispersants in order to improve the comparability of the obtained 
results (Singer et al., 2000). According to current knowledge, the toxicity of dissolved 
hydrocarbons has additive effects although there are doubts as to whether synergies 
exist between dissolved oil and chemically dispersed oil droplets (NRC, 2005). To 
characterise if the interaction among petroleum and a STA is synergistic, it would be 
necessary to consider the joint toxicity according to the reference hypotheses: 
independent action (IA) or concentration addition (CA).  
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Early life stages of sea urchin have been used in ecotoxicology due to its sensitivity 
and low cost. Embryo toxicity tests using sea urchin have also been a pioneering tool 
for assessing the toxicity of oil (Allen, 1971; Falk-Petersen, 1979; Falk-Petersen and 
Lonning, 1984) and dispersants (Lonning and Falk-Petersen, 1979; Falk-Petersen et al., 
1979; Kobayashi, 1981). Recently, Beiras et al. (2012) have proposed that the measure 
of larval growth as length allows a more gradual and objective quantification than 
abnormalities and facilitates its use as a standard test. 
The present work aims to achieve a better understanding of the mechanisms of 
toxicity of oil and spill-treating agents. To study the existence of independent, additive, 
synergistic or antagonistic effects among Maya crude oil and four STAs, individual 
water accommodated fractions (WAFs) of both and binary mixtures were performed 
and toxicity was assessed by sea urchin embryo-larval test. The effect of different 
dispersant to oil ratios in the toxicity of the dispersed oil and the toxic contribution of 
dispersant were also evaluated. 
 MATERIAL AND METHODS 
SPILL-TREATING AGENTS AND OIL 
Four STAs were selected in a previous report (Murado et al., 2008) as a result of 
their ability to remove fuel adhering to granite rock: the shoreline cleaning agent 
CytoSol (CytoCulture International, Inc., Point Richmond, California, USA); and the 
dispersants Finasol® OSR 51 (Total Special Fluids, Paris, France), Agma OSD 569 
(Agma Plc, Northumberland, United Kingdom) and OD4000 (Innospec Ltd, Cheshire, 
United Kingdom). The products were kindly provided by the manufacturers or trade 
representatives. A Maya crude oil was provided by Repsol YPF S.A. (A Coruña, Spain). 
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PREPARATION OF WATER ACCOMMODATED FRACTIONS OF OIL AND SPILL-
TREATING AGENTS. 
Binary mixtures of water accommodated fractions of oil and the STAs.  
In the first experiment, WAFs were obtained by adding 50 mL of oil or the STA to 
950 mL of 0.22 µm FSW and kept in an orbital shaker for 48 h (150 rpm/20 
ºC/darkness). The aqueous phase was separated and binary mixtures of WAFs and 
dilutions with FSW were performed for toxicity testing (Table 3.1). 
Table 3.1. Dilutions of the WAFs of Maya Crude Oil and the Spill-Treating Agents 
specified in the text. Concentrations used for the binary mixtures of WAFs are underlined. 
Experiment WAF  Concentration (mL/L) 
   Oil-CytoSol Oil 0, 50, 100, 200, 400, 500, 600, 700, 800, 960 
 
CytoSol 0, 1, 2, 5, 10, 20, 30, 40, 50, 100 
Oil-Agma OSD 569 Oil 0, 50, 100, 200, 400, 500, 600, 700, 800, 960 
 
Agma OSD 569 0, 1, 2, 5, 10, 15, 25, 40, 100, 200 
Oil-Finasol OSR 51 Oil 0, 50, 100, 200, 400, 500, 600, 700, 800, 980 
 
Finasol OSR 51 0, 0.1, 0.2, 0.5, 1, 1.5, 2, 3, 10, 20 
Oil-OD4000 Oil 0, 100, 200, 400, 600, 800, 980 
 
OD4000 0, 0.2, 0.5, 1, 3, 7, 15 
       
Water accommodated fractions obtained with different ratios of Finasol OSR51 to 
oil, dispersant loadings and single oil loading. 
In a second experiment, Chemically Enhanced Water-Accommodated Fractions 
(CEWAFs) of Maya crude and the dispersant Finasol OSR 51 were obtained with the 
following DOR (dispersant:oil): 1:2 (25 mL/L: 50 mL/L), 1:10 (5 mL/L: 50 mL/L), and 
1:100 (0.5 mL/L: 50 mL/L) in a 2-L flask with a Teflon cap (Table 3.2). WAFs of oil 
(50 mL/L) and Finasol OSR 51 (25, 5 and 0.5 mL/L) were also prepared in the amounts 
mentioned above (Table 3.2). The total volume of oil, dispersant, and water was 1L in 
all cases. The mixture was kept in the dark and shaken (150 rpm) for 46 h at 20 º C and 
allowed to settle for 2 h. The water phase was siphoned and diluted with FSW for 
toxicity testing (Table 3.2).  
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Table 3.2. Maya Crude Oil and Finasol OSR 51 loads, dispersant to oil ratios (DOR) 
and dilutions of the WAFs and CEWAFs used in this experiment. 
Treatment* WAF / CEWAF Dispersant 
load (mL/L) 
Oil load 
(mL/L) 
DOR 
 
     A WAF Oil - 50 - 
B CEWAF  25 50 1:2 
C CEWAF 5 50 1:10 
D CEWAF 0.5 50 1:100 
E WAF dispersant 25 - - 
F WAF dispersant 5 - - 
G WAF dispersant 0.5 - - 
     * The tested dilutions were 0, 2, 5, 10, 20, 50, 100, 200, 500 and 
1000 mL/L in all treatments. 
 
CHEMICAL ANALYSES 
Total petroleum hydrocarbons (TPH) were determined by gas chromatography using 
a flame ionisation detector (FID) according to ISO 9377-2:2000 (ISO, 2001) and 
anionic surfactants as methylene blue active substances (MBAS) in accordance with 
standard 5540C (APHA et al., 1998) in the experiment of the joint accommodation of 
oil and Finasol OSR 51. The WAFs were extracted three times with 50 mL of DCM in a 
separatory funnel; organic extracts were dried over anhydrous Na2SO4 and concentrated 
by vacuum evaporation. 
Gas chromatography was performed using an Agilent GC 7890A (Agilent 
technologies, Palo Alto, CA, USA) with autosampler 7693 and a FID. A volume of 1 
μL of each sample was injected in splitless mode (325°C) in a G3510A Multimode Inlet 
with a septum purge flow of 3 mL/min. Separation was carried out on a HP-5MS 
capillary column (60 m × 25 mm, 0.25 μm film thickness) from Agilent (Agilent J&W, 
USA). Helium (Alphagaz 
TM
 2 B50 purity) was employed as a carrier gas at a constant 
linear average velocity of 18.84 cm s
−1
. The GC oven temperature was programmed 
from 40°C (held 1 min) to 325°C at 6°C min
−1
 holding the final temperature for 20 min 
(total analysis time: 68.5 min). The detector was operated at 325°C. 
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The total chromatogram area corresponding to retention times from 12 to 50 min (n-
nonane and n-triacontane) was quantified for a range of concentrations of Maya crude 
oil of 0.5-20 mg/mL after subtracting the area of a blank of hexane. In those samples 
containing oil and dispersant, the peaks corresponding to Finasol OSR 51 were 
subtracted from the total area to quantify only the area corresponding to hydrocarbons. 
A calibration curve with sodium dodecylbenzenesulphonate (CAS 25155-30-0) in the 
range 0.2-2 mg/L was prepared to determine the content of MBAS. The aqueous phase 
was diluted with distilled water prior to the determination of the concentration of 
anionic surfactants (0.5-4 mL sample, total volume 100 mL). According to the standard 
5540C (APHA et al., 1998), a few drops of H2O2 were added to 100 of the diluted 
sample along with some drops of phenolphthalein, dropwise addition of NaOH 1N until 
there was a shift to basic pH and H2SO4 1N until a noticeable change to a transparent 
colour. 25 mL of methylene blue reagent was added and the sample was extracted three 
times with 10 mL of chloroform. A backwash of the chloroform was performed with 50 
mL of wash solution. The chloroform was filtered through a funnel containing a plug of 
glass wool before measuring the absorbance at 652 nm. 
SEA URCHIN EMBRYO TEST 
The sea urchin embryo test was performed as previously explained in IV.1.2 section. 
The water accommodated fractions were diluted with 0.22 µm FSW to be tested (Table 
3.1 and Table 3.2).  
MATHEMATICAL MODELS 
Dose-response univariate equation 
The dose-response relationship for each fraction was described using the modified 
Weibull model (IV.2). The slope at the median abscissa of Weibull density function 
(vmed) was calculated by reparameterising m as previously explained (2.4).  
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CA hypothesis 
The CA hypothesis has been explained in Chapter 2 ((2.5) to (2.8)).  
Murado and Prieto (2013) have proposed an extended CA model to describe 
synergistic or antagonistic effects in which the concentration of the effector 1 is 
modified by the effector 2 and viceversa according to the following perturbation 
functions: 
    1 1 2 1 21 1C C Cb C c C     (3.1) 
    2 2 1 2 11 1C C Cb C c C     (3.2) 
where πci, is the perturbation function of effector j over concentration of effector i; bi 
and ci are the parameters of the function which multiplies and divides, respectively, the 
concentration of effector j. 
The concentration addition model extended to describe synergism or antagonism is 
as follows (CA_M_SA): 
  1 1 2 2 ; , ,C CR W uC C K m a      (3.3) 
IA hypothesis 
IA hypothesis has been explained in Chapter 2 ((2.9) to (2.10)). Murado and Prieto 
(2013) proposed an IA generalised model to describe synergistic or antagonistic effects 
(IA_M_SA): 
    1 1 1 1 1 1 2 2 2 2 2 2; , , ; , ,k m k mR W C K m a W C K m a      (3.4) 
  1 1 1 1 1 11 ; , ,k ms W C K m a       
where πθ is a perturbation function of the parameter θ (K or m) with the same form as 
equations (3.1) and (3.2). 
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 RESULTS AND DISCUSSION 
BINARY MIXTURES OF WATER ACCOMMODATED FRACTIONS OF OIL AND THE STAS. 
The growth inhibition of sea urchin embryos for the WAFs of oil and STAs was 
adequately described by equation (IV.2) (R
2
adj 0.900-0.995). The toxicity as EC50 for the 
WAF of CytoSol (15.1 ±2.1 mL/L) was lower than Agma OSD 569 (9.8±0.9 mL/L), 
OD4000 (2.6±0.8 mL/L) and Finasol OSR 51 (1.8±0.3 mL/L) and the slope (vm) of the 
individual curves also followed the same trend (0.0413±0.0110, 0.0589±0.0120, 
0.1464±0.0620 and 0.3984±0.1618 L/mL respectively). The toxicity of oil WAFs was 
more moderate than that of STAs both for EC50 values (482.8±101.9, 392.9±110.3, 
340.3±44.9 and 583.4±141.4 mL/L for assays with CytoSol, Agma OSD 569, Finasol 
OSR 51 and OD4000, respectively) and for vm (0.0006±0.0002, 0.0010±0.0003, 
0.0011±0.0002 and 0.0008±0.0005 L/mL in the order stated above).  
The toxicity of the oil WAF showed a moderate degree of variability which is 
reflected by: a) EC50 for the oil in the OD4000 assay (583 mL/L) was significantly 
different according to a t-test (α = 0.05) to the values of the trials with Finasol OSR 51 
(340.3 mL/L) and Agma OSD 569 (392.9 mL/L), but not with respect to the test with 
CytoSol (482.8 mL/L) (CV 23.7%); b) the curves were significantly different according 
to an F-test for the groups indicated above; and c) the maximum slope of the curve (vm) 
showed no overlap of the confidence interval in some cases. This variability may be due 
to different hydrocarbon concentrations in the WAF for each experiment, which 
underscores the importance of verifying analytically these concentrations (Singer et al., 
2000). In this regard, Anderson et al. (2009) found that the hydrocarbon concentrations 
in WAFs of a Prudhoe Bay Crude Oil (PBCO) showed a similar variability. Other 
authors also reported different LC50 values (n = 3) of a PBCO for Holmesimysis costata 
(Singer et al., 2001) and of a fresh Venezuelan crude oil for Mysidopsis bahia (Aurand 
and Coelho, 2005). 
The zygote of sea urchin is a biological model that seems appropriate for assessing 
whether the surfactants of an STA affect to the membrane permeability and causes a 
synergistic effect between oil and STA. The models ((2.5) to (2.10), (3.1) to  (3.4)) 
showed good fit values for the joint toxicity data of the binary mixtures of WAFs of oil   
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Table 3.3. Model comparison for the binary mixture of WAFs of Maya Crude Oil and 
the specified STAs. p, number of model parameters; RSS, residual sum of squares; 
2
adjR , 
adjusted coefficient of multiple determination; p-value from Fisher´s F- test (IV.12) of 
accepting that the more complex model (nested models) explain better the data; AIC 
corrected value (IV.13); Sign?, indicates if the calculated parameters were statistically 
significant. The model with all parameters statistically significant and the highest AIC 
value is indicated in bold. 
Binary  Model p RSS R2 adj.  p- value AIC Sign.? 
mixture     F-test   
        Maya crude and IA 6 0.17258 0.9530 - -226.70 No 
Cytosol IA_M 7 0.17094 0.9520 0.555 -224.11 No 
 IA_M_SA 8 0.17026 0.9514 0.784 -221.11 No 
 CA 5 0.19001 0.9489 0.005 -225.30 Yes 
 CA_M 4 0.23333 0.9388 - -218.96 Yes 
 CA_M_SA 6 0.21259 0.9412 n.c. -217.52 No 
        Maya crude and IA 6 0.05071 0.9867 - -280.59 Yes 
Agma OSD 569 IA_M 7 0.04987 0.9867 0.436 -278.31 Yes 
 IA_M_SA 9 0.03386 0.9899 0.002 -288.80 No 
 CA 5 0.03314 0.9911 0.004 -302.14 Yes 
 CA_M 4 0.04119 0.9891 - -295.27 Yes 
 CA_M_SA 5 0.04097 0.9889 n.c. -292.81 No 
        Maya crude and IA 6 0.14254 0.9634 - -235.11 Yes 
Finasol OSR 51 IA_M 7 0.14119 0.9627 0.556 -232.53 Yes 
 IA_M_SA 9 0.09601 0.9734 0.003 -242.94 No 
 CA 5 0.23315 0.9422 0.384 -216.30 Yes 
 CA_M 4 0.23779 0.9425 - -218.12 Yes 
 CA_M_SA 5 0.16124 0.9597 0.000* -232.53 Yes 
        Maya crude and IA 6 0.22588 0.9027 - -214.85 No 
OD4000 IA_M 7 0.19209 0.9113 0.015 -218.98 No 
 IA_M_SA 8 0.15836 0.9216 0.002 -224.30 No 
 CA 5 0.23642 0.8933 0.585 -215.69 Yes 
 CA_M 4 0.23860 0.8954 - -217.98 Yes 
 CA_M_SA 5 0.18952 0.9154 0.003* -225.42 Yes 
        * In these cases CA_M compared to CA_M_SA using F test. 
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and STAs and high adjusted coefficient of determination (Table 3.3). The model with 
all of the parameters being statistically significant and the lowest AIC value was 
selected (Table 3.3 and Figure 3.1). The reference models with null interaction (CA or 
IA) showed the best fittings for joint toxicity data in most cases. CA was the best model 
in two cases (CytoSol and Agma OSD 569), IA was selected in one case (Finasol OSR 
51) and CA_M_SA was the best model in the remaining case (OD4000). The choice 
between IA or CA models to describe the joint toxicity of STA and oil is conditioned by 
the facts that parameter K for oil is not statistically significant on two of the individual 
fittings and different K values are assumed for each effector. If a common K value for 
both effectors is assumed, IA instead of CA would be chosen in only one case 
(combination of oil and CytoSol). It would be necessary to accept an asymmetrical 
antagonism (CA_M_SA model) for the joint toxicity of oil and OD4000, whereby the 
dose of WAF of oil reduces the effective dose of OD4000 (Figure 3.1 and Table 3.3 and 
Table 3.4). Although the coefficient cc2, in which this antagonism is based (Table 3.4), 
is almost non-statistically significant, the CA_M_SA model showed a lower bias of the 
residues (data not shown) and better fitting than CA or CA_M models.  
Table 3.4. Growth inhibition of sea urchin larvae by mixture of water accommodated 
fractions of Maya crude oil and Spill-Treating Agents. Parametric estimates of models CA, 
CA_M_SA and IA models and confidence intervals (α=0.05). Mean ± 95% confidence 
interval. 
Parameters Experiment 
 
Maya & 
Agma OSD 569 
Maya & 
Cytosol 
Maya & 
Finasol OSR 51 
Maya & 
OD4000 
 
CA CA IA CA_M_SA 
     K/K1 0.956±0.033 0.981±0.100 0.858±0.058 1.000±0.146 
m1 385.7±34.2 505.6±129.0 293.3±37.5 - 
a1 1.154±0.148 0.883±0.305 1.788±0.458 - 
K2 - - 1.000±0.087 - 
m2 10.0±0.9 16.5±3.3 1.9±0.2 2.7±0.9 
a2 1.523±0.251 1.751±0.670 1.722±0.451 1.141±0.241 
u - - - 0.004±0.001 
cc2 - - - 0.0017±0.0015 
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Maya – Agma OSD 569 (CA) Maya- CytoSol (CA) 
  
Maya – Finasol OSR 51 (IA) Maya – OD4000 (CA_M_SA) 
  
Figure 3.1. Inhibition of sea urchin larval growth (R) by joint action of the water 
accommodated fraction of maya crude oil and four STAs. In each case, isobolic 
representation of the response surfaces (left) and plots of experimental vs. predicted values 
(right) are also shown. CA, concentration addition; CA_M_SA, modified concentration 
addition with antagonism or synergism; IA, independent action. 
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The approach used in this work allowed a rigorous description of the joint toxicity of 
WAFs of dispersant and oil. No synergistic effect with respect to the CA or IA models 
was observed in any of the tested binary combinations. Since the use of an STA 
involves an increase in the hydrocarbon concentration in the aqueous phase, the 
CEWAF constitutes a more realistic although less formal tool to assess toxicity than use 
of binary mixtures of WAFs. 
WATER ACCOMMODATED FRACTIONS OBTAINED WITH DIFFERENT RATIOS OF 
FINASOL OSR51 TO OIL, DISPERSANT LOADINGS AND A SINGLE OIL LOADING. 
In a second experiment, the relationship between DOR and the toxicity of water 
accommodated fraction was evaluated. Higher loads of Finasol OSR 51 resulted in 
higher hydrocarbon concentration and toxicity measured as dilution of the CEWAF 
(Table 3.5, Figure 3.2). The EC50 expressed as TPH concentration (mg/L) would be 4.1 
mg/L for Maya Crude Oil and 10.8 (DOR 1:2), 18.1 (DOR 1:10) and 23.5 mg/L (DOR 
1:100) for the CEWAFs. Hemmer et al. (2011) reported that the two dispersants which 
produced the highest concentration in the CEWAF of 8 dispersants tested also showed 
LC50s as TPH (mg/L) higher than for the WAF of oil for Menidia beryllina and 
Americamysis bahia. Guha et al. (1998) found that the hydrocarbons solubilized in the 
micellar phase of a non-ionic surfactant showed a decreased bioavailability for bacterial 
cells with increasing surfactant concentration above the critical micelle concentration, 
which may provide a possible explanation to the values of EC50s as TPH (mg/L). The 
Finasol OSR 51 is made of 15-30% non-ionic surfactants, 0.2 to 5% anionic surfactants 
(dioctyl sodium sulphosuccinate <10%) and a hydrotreated light distillate (<70%), so 
the lower toxicity of dispersed oil may be related to the reduced bioavailability of 
dispersed oil or solubilisation of less toxic petroleum fractions. However, the measured 
concentrations of anionic surfactants suggest that toxicity due to Finasol OSR 51 can 
not be ruled out (Table 3.5).  
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Figure 3.2. Inhibition of sea urchin larval growth (R) by water accommodated fraction 
of maya crude oil (50 mL/L oil load, ●), oil plus Finasol OSR 51 at different dispersant to 
oil ratios (50 mL/L of oil and 25, ▼; 5, ◆ and 0.5, ■ mL/L of dispersant) and Finasol OSR 
51 (25 mL/L, ▽; 5 mL/L, ◇; 0.5 mL/L, □). 
The WAFs of Finasol OSR 51 showed greater toxicity (lower EC50) than WAFs of 
oil (Table 3.5, Figure 3.2). The CEWAFs with Finasol OSR 51 loads of 25 and 5 mL/L 
(DOR 1:2 and 1:10 respectively) exhibited slightly higher EC50 and lower slope (vm) 
values than WAFs of dispersant for the same loads. However, the toxicity of CEWAF at 
a DOR of 1:100 was well below that of WAF with that load of Finasol OSR 51 (Table 
3.5). The concentration of anionic surfactants as MBAS for treatments (B)-(E) and (C)-
(F) are similar, unlike values for (D)-(G) (Table 3.5). The low concentration of MBAS   
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Table 3.5. Oil and dispersant loads, hydrocarbon and anionic surfactants as methylene 
blue active substances (MBAS) concentrations in undiluted water accommodated fractions 
and results of the toxicity bioassays expressed as EC50 and slope (vm). MBAS concentrations 
were analysed per duplicate. 
Treatment oil dispersant TPH MBAS EC50 vm 
 load (mL/L) load (mL/L) (mg/L) (mg/L) (mL/L) (mL/L) 
       A 50 - 13.3 - 310.6±88.3 0.0013±0.0004 
B 50 25 643.4 191.0±10.3 16.7±3.2 0.0276±0.0102 
C 50 5 621.5 53.0±1.6 29.1±5.2 0.0192±0.0062 
D 50 0.5 148.5 3.7±3.1 158.3±29.0 0.0027±0.0008 
E - 25 - 203.5±7.0 8.8±1.2 0.0489±0.0118 
F - 5 - 117.2±2.8 22.1±2.4 0.0202±0.0038 
G - 0.5 - 26.8±8.4 21.9±5.1 0.0182±0.0068 
       
 
in treatment (D) may be because a dispersant mainly partitions into the oil phase at a 
1:100 DOR. A 1:100 DOR is related to: a) an increase in the hydrocarbon concentration 
of an order of magnitude for the oil plus dispersant treatment (D) regarding to oil (A) 
and nearly halving the EC50 value from (A) to (D); and b) a reduction of MBAS 
concentration of an order of magnitude from oil plus dispersant (D) to dispersant (G) 
which involved a 7-fold increase in the EC50 (mL/L) from (D) to (G) (Table 3.5). These 
data underscore the contribution of the dispersant Finasol OSR 51 to the toxicity of the 
CEWAF. In fact, the EC50 calculated on the basis of MBAS concentration for 
treatments (D) and (G) exhibited the same value (0.6 mg MBAS/L), although this was 
well below the value obtained for (B)-(C) and (E)-(F) treatments (1.5-3.2 mg MBAS/L). 
The authors of this manuscript have not found a valid explanation for these values. 
Other components of Finasol OSR 51 apart from anionic surfactants may have 
contributed to toxicity, so the limitations of MBAS as an analytical tool to estimate the 
dispersant concentrations are clear. A possible interference of the inorganic anions of 
seawater could also have affected to the MBAS determination, although this has 
probably been minimised by the backwash (George and White, 1999). In this sense, 
Place et al. (2010) noted the lack of selective and sensitive analytical methods to 
determine the dispersant components and to gain a better understanding of the short and 
long-term effects associated with its use. 
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The relevant contribution of Finasol OSR 51 to the toxicity of the CEWAF may be 
related to: a) the fact that an oil load of 50 mL/L also involves a high load of STA and 
the solubility of the STA is expected to be higher than of the oil (Table 3.5); and b) 
embryolarval toxicity tests with marine invertebrates exhibited a high sensitivity to 
dispersants (George-Ares and Clark, 2000). Similar oil loads have been used for toxicity 
testing of WAF or CEWAF with other species (Ramachandran et al., 2004; Hemmer et 
al., 2011; Wu et al., 2012). However, it is less common for toxicity testing of a STA or 
dispersant to: a) use different DOR (Negri and Heyward, 2000; Rico-Martínez et al., 
2013); and b) consider the STA as a multicomponent substance and to assay a load of 
STA and its dilutions  instead of nominal concentrations (Negri and Heyward, 2000; 
Shafir et al., 2007). Negri and Heyward (2000) used WAFs of a heavy crude oil (10 
g/L) and Corexit 9527 (100 and 1000 mg/L) and CEWAFs with different DOR (1:100 
and 1:10), concluding that dispersant and hydrocarbons contributed significantly to the 
inhibition of fertilisation and larval metamorphosis of Acropora millepora caused by the 
CEWAF. 
The toxicity of WAF and CEWAF was compared better by a measure of dilution 
(mL/L) than by the hydrocarbon content (TPH, mg/L). Some authors (Di Toro et al., 
2007) have shown that EC50 as dilution or toxic units are more intuitive and clearer than 
the EC50 on a TPH basis to describe the WAF toxicity of neat and weathered oils. In our 
case the comparison of the toxicity of WAF and CEWAF is also more objective by 
using dilution values. On one hand, the measure of TPH concentration in the CEWAF 
only comprises the extractable hydrocarbons and the low concentration and toxicity of 
the dispersant in the CEWAF is implicitly assumed for comparative purposes (Wu et al., 
2012). This assumption may not be true depending on the oil load, STA and species 
used. On the other hand, the assessment of the toxicity of a sample of WAF or CEWAF 
by dilution involves a measure which integrates all the components and interactions 
between them. The authors of this manuscript do not agree with the interpretation 
established by Coelho et al. (2013) in which the use of nominal dilutions emphasises 
"the potential for erroneous interpretations of current exposure". On the contrary, we 
believe that the measure of hydrocarbon concentration is necessary but not sufficient to 
compare the toxicity of WAF and CEWAF, since the toxicity of a CEWAF is also 
related to the concentration of STA or its components. 
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4. ECOLOGICAL RISK ASSESSMENT OF THE USE OF 
SHORELINE CLEANING AGENTS. 
4.1. ACUTE TOXICITY OF A SHORELINE CLEANER, CYTOSOL, 
MIXED WITH OIL AND ECOLOGICAL RISK ASSESSMENT OF 
ITS USE ON THE GALICIAN COAST. 
 INTRODUCTION 
On 19 November 2002, the oil tanker Prestige sank 209 km off Cape Fisterra (NW 
Iberian Peninsula), spilling part of its load of 65,000 metric tons of nº 6 fuel oil and 
causing damage to over 800 km of the Atlantic coast (Rousseau, 2003). After the 
accident, the affected coast was cleaned using a variety of methods: installation of 
barriers and manual or mechanical removal, high-pressure water washing, and 
bioremediation (CEPRECO, 2006). However, in the supratidal zone one can still (2009) 
see exposed rocky areas and boulder beaches with weathered fuel oil stains in the form 
of asphalt pavements showing trace, sporadic or fragmentary residues that are resistant 
to water washing and require the use of SCAs. 
SCAs are used to increase the efficiency of water washing on substrates polluted 
with weathered oil, and their use is a trade-off between effectiveness and toxicity. When 
their toxicity is evaluated in natural environments, the main parameter to be considered 
is the ecological risk. Suter (1993) defines risk assessment as the process of assigning 
magnitudes and probabilities to adverse effects arising from human activity or natural 
catastrophes. On the other hand, Bartell et al. (1992) define ecological risk assessment 
as the use of available ecological and toxicological information to estimate the 
likelihood of an undesired event occurring. 
The toxicity of a compound in marine invertebrates is normally assessed in early life 
stages in terms of embryogenesis, early larval growth, survival, and morphological 
abnormalities as the endpoint (His et al., 2000). Early life stages are more sensitive than 
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adult stages and are a critical period in the life cycle of an organism. Sea urchins 
(Fernandez et al., 2006) and molluscs (Beiras and His, 1994) are among the organisms 
most frequently used in embryo-larval bioassays. Recently, a method has been 
developed for toxicological evaluation in sea water with neonates of the mysid Siriella 
armata, which shows a high sensitivity in comparison with Daphnia magna (Pérez and 
Beiras, 2010).  
CytoSol, a product selected in the present work due to its efficacy in dealing with 
weathered fuel oil from the Prestige, is a solvent-based SCA (Walker et al., 1999). It 
does not contain surfactants and is composed mainly of fatty acid methyl esters, with a 
small proportion of bioremediation enhancers. It mixes with the petroleum and reduces 
its viscosity (Walker et al., 1999). The mixture released is highly hydrophobic, tending 
to coalesce and increase the recovery rate. The solubility values in sea water found for 
CytoSol in the literature range from 7 ppm in sea water (USEPA, 2009a) to 230 ppm at 
18 ºC (Walker et al., 1999). 
The ultimate aims of the present work were to evaluate the toxicity arising from the 
use of CytoSol and to propose criteria for reducing the impact associated with its use in 
cleaning supratidal rocks impregnated with fuel oil from the Prestige. Firstly, we 
carried out a toxicological study of CytoSol, and of the combination of CytoSol and a 
crude oil. We then carried out a pilot-scale treatment in the natural environment and 
evaluated the toxicity of the runoff water. Finally, we characterized the environmental 
risk associated with the use of CytoSol. To do this we developed a simple spill dilution 
model that can be used to determine the predicted environmental concentration (PEC) 
according to the area treated. The toxicological information obtained from the pilot 
treatment was used to calculate the predicted no-effect environmental concentration 
(PNEC) and the PEC/PNEC ratio as an expression of the risk. 
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 MATERIAL AND METHODS 
EXPERIMENTAL SOLUTIONS 
CytoSol was obtained from CytoCulture International Inc. (CA, USA). Other 
chemicals were purchased from Sigma (St. Louis, MO, USA). In the first type of assay 
(CULT, CytoSol prepared with Ultra-Turrax), a stock solution of 100 µL/L of CytoSol 
was prepared by direct injection of 100 µL into 1 L of 0.22 µm FSW (pH=8.32, O2=8.2 
mg/L, S=34.2‰ and T=20 ºC) in a 2-L bottle and emulsification using an Ultra-Turrax 
homogenizer (USEPA, 2009a). Experimental concentrations were chosen on the basis 
of preliminary trials. The experimental concentrations that were tested (in the interval 
0.5-100 µL/L) were obtained by dilution of the stock in FSW.  
In the second type of assay (L&C, joint effect of Libyan light crude and CytoSol), 50 
mL of Libyan light crude oil and 50 mL of CytoSol were added to 900 mL of FSW in a 
2-L flask with a teflon cap, and the mixture was kept in the dark with orbital shaking 
(150 rpm) for 48 h at 20 ºC. The aqueous phase (chemically enhanced water-
accommodated fraction) was separated in a separatory funnel and used to obtain the 
FSW dilutions to be tested (in the interval 1-1000 mL/L). 
For the pilot cleaning in situ (Playa de Moreira, Muxía, NW Iberian Peninsula) 
(Figure 4.1) the CytoSol was atomized onto the rocky substrate at a dose of 0.25 L/m
2
 
and after 5 hours water washing was carried out at ambient temperature (50 L/m2 of 
sea water), creating an aqueous emulsion whose toxicity was evaluated in the third type 
of assay (CPILOT, pilot cleaning assay). During the treatment it was observed that when 
the runoff remains at rest a higher phase of fuel oil residue becomes separated from a 
lower phase of homogenous, stable emulsion. For the toxicological evaluation, the 
runoff samples were agitated by orbital shaking for 16 hours, followed by separation of 
the phases and dilution in FSW to be tested (in the interval 0.1-500 mL/L). In the mysid 
bioassay, five solutions were carried out into the range 0.5-200 mL/L. 
CHEMICAL ANALYSIS 
The aqueous phase of the runoff was extracted twice in a separatory funnel with 0.20 
volumes of dichloromethane each time, and the extract was concentrated in a rotavap at 
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Figure 4.1. Location map of Moreira (Muxía, NW Iberian Peninsula). 
40 ºC and slightly reduced pressure, until an oily residue was obtained and quantified 
gravimetrically (constant weight in a desiccator with KOH at ambient temperature). The 
residue was extracted 5 times by centrifugation with 10 volumes of pentane each time; 
the insoluble residue was taken as the asphaltene fraction and the extract as the 
deasphalted fraction. The asphaltenes were quantified gravimetrically, and the 
deasphalted fraction, which contains low levels of hydrocarbons together with the 
methyl esters of CytoSol, was analyzed by conventional methods of GC-MS (Daling 
and Faksness, 2002) in an HP 5850 GC gas chromatograph equipped with an HP 5971 
series J mass selective detector, with a scan range of 40-450 m/z and an HP-5MS 
column of 60 m  0.25 mm. The temperatures were 300 ºC (injector) and 280 ºC 
(detector), and a programme ranging from 40 ºC (1 min) to 300 ºC (20 min) with a ramp 
of 6 ºC/min was applied.  
A similar previous treatment with CytoSol showed that the esters of the product are 
all transferred to the deasphalted fraction. The chromatographic profile of the 
components of CytoSol can be used to quantify their concentration in the deasphalted 
fraction through the sum of their signals, whose quantitative relations are practically 
unaltered. The rest of the deasphalted fraction corresponded mainly to the unresolved 
complex mixture, which was estimated by the difference between the deasphalted 
fraction and the chromatographic quantification of CytoSol. 
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BIOASSAYS 
Sea urchin bioassay 
The sea urchin embryo test was performed as previously explained in IV.1.2 section. 
Mussel bioassay. 
In accordance with the method of Bellas et al. (2008), mature individuals of Mytilus 
galloprovincialis were induced to spawn by thermal stimulation at 25 ºC in sterile FSW 
(UV), and the quality of the gametes (ovum sphericity and sperm mobility) was checked 
under the microscope. The eggs of a single female were transferred to a 50-mL 
graduated cylinder with FSW, 1 mL of sperm was added and the mixture was shaken 
gently for 2 minutes to facilitate the fertilization. After 15 minutes, the fertilized eggs 
were transferred to vials with 10 mL of FSW dosed with the product to be assayed. 
Each vial received 400 eggs and each dose was performed in quadruplicate (the control 
was performed in quintuplicate). The percentage of fertilized eggs was determined at 70 
minutes, in four samples, by counting those showing the first division or the presence of 
a polar body. 
The eggs were incubated in the dark at 20 ºC for 48 hours, after which the larvae 
were fixed by adding 0.2 mL of 40% buffered formalin. In samples of 100 individuals, 
larvae with a convex hinge, incomplete shell or protruded mantle were considered to be 
abnormal (His et al., 1997). The response was quantified as:  
 
0
1 ii
N
R
N
   (4.1) 
where N0 and Ni are the mean proportions of normal larvae in the control and the i
th
 
dose, respectively. 
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Mysid bioassay. 
In accordance with the method of Pérez and Beiras (2010), neonates released from 
the marsupium (<24 hours) of breeding females of Siriella armata collected in the 
natural environment were deposited individually in vials with the solutions to be tested, 
using 20 replicates in all the cases. The neonates were incubated for 96 hours at 20 ºC, 
with a 16:8-hour light-to-dark photoperiod (light intensity 20 µE.m
-2
.s
-1
), and fed every 
24 hours with 10-15 Artemia salina nauplii. The response was quantified in terms of 
mortality rate at 96 hours. 
In the three types of bioassay we used 25 mL glass vials with a Teflon cap, treated at 
450 ºC for 8 hours, kept for 24 hours in 10% HNO3 (v/v), degreased with a detergent 
and washed with distilled water. 
The toxicological evaluation of CytoSol (CULT assay) was carried out through sea 
urchin and mussel bioassay. The evaluation of the combination of oil and CytoSol 
(L&C assay) was carried out through sea urchin bioassay. The assessment of the runoff 
(CPILOT assay) was carried out through sea urchin, mussel and S. armata bioassay. 
NUMERICAL METHODS 
The NOEC and the LOEC were established through ANOVA and Dunnett's post-hoc 
test, using the application SPSS v.15.0.1 software (SPSS Inc., Illinois, USA). In the case 
of the mussel, the proportions of abnormal larvae were processed by arc-sine of the 
square root transformation for the analysis of normality and homoscedasticity, and 
NOEC and LOEC were calculated by non-parametric Kruskall-Wallis and Mann-
Whitney U tests if any of those conditions were violated. In the runoff water (CPILOT 
assay), the toxic units (TU) were determined according to the expression TU=100/EC20 
(Beiras and Saco-Alvarez, 2006). 
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DILUTION OF THE EMISSION AND RISK ANALYSIS 
In the CPILOT assay we used 250 mL.m
-2 
of CytoSol and 50 L.m
-2 
of sea water for the 
water washing. A simple model applicable to ecological risk analysis can be defined in 
the following terms (Figure 4.2): 
 
Figure 4.2. Dimensions considered in the definition of the criterion for applying CytoSol 
(for details, see text). 
1. The volume of runoff that is released in the treatment of a coastal strip of 
dimensions f×b is: 
 50E f b p     (4.2) 
where E is the volume of runoff (L), f is the front of the area treated (m), b is the rear 
of the area treated (m), and p is a value assigned according to distribution of the area 
affected by the fuel-oil (Table 4.1).  
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Table 4.1. Description of the surface distribution affected by fuel oil and p value 
assigned in eq (4.2). 
Name Percentage of 
surface 
Value 
Continual 91-100 1 
Intermittent 51-90 0.9 
Fragmentary 11-50 0.5 
Sporadic 1-10 0.1 
Traces <1 0.01 
 
2. If on both sides of the treated strip an untreated strip with a front s is left, it can be 
accepted that the volume of coastal water affected by the runoff at a given distance from 
the coast is (Figure 4.3): 
   2
1
2 tan
2
V f s d      (4.3) 
where V is the volume affected by the runoff (m
3
), d is the distance from the 
shoreline of the front of the affected volume (m), s is the safety semi-front (m) and  is 
the littoral slope (degrees). 
  
Figure 4.3. Volume affected according to the distance from the shoreline, for f=50, s=75 
and the five values of the angle  shown in the figure. 
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The s strips can be treated after a reasonable period of time, depending on the 
biodegradability of the effectors involved. Though we have found no data on the 
biodegradability of CytoSol, the product can be considered as similar to a biodiesel, 
which is also a mixture of methyl esters of vegetable oils. Zhang et al. (1998) state that 
methyl esters of soya and rapeseed oil biodegrade 85.5% and 88.5%, respectively, in 28 
days. In reasonable agreement with these values, the results of Sendzikiene et al. (2007) 
for methyl esters of rapeseed and linseed oil were 91.2% and 98.3%, respectively, in 21 
days. Though more recalcitrant, hydrocarbons show a low level of accumulation: after 
the Aegean Sea spill, the high initial concentration of PAHs in raft-cultured mussels 
decreased with first-order kinetics and a half-life of 22-24 days (Murado, 2003). Thus, a 
reasonable period between the treatment of the f and s strips could be 30 days. 
3. The predicted concentration of the runoff (PEC) in the volume affected is given by 
the quotient PEC=E/V (L/m
3
=mL/L). The concentration of the runoff at a given 
distance from the shoreline after a given time, or the mean quadratic distance covered 
by the emission in a given time, could be estimated by Fick's second law of diffusion. 
However, the swell increases the rate of dissemination considerably, so Fick's law 
would involve a strong underestimation of the volume affected in a given time, and the 
local differences in the currents prevent generalizations based on a detailed diffusion 
model. In these conditions, because the runoff is an isolated input of aqueous 
suspension, a simple but realistic assumption would be that the diffusion to distances of 
50-100 m from the shoreline takes place in times of the order of very few hours, 
probably in one tide cycle. 
4. The proposed application, which is highly localized, involves simply two (at most 
four) separate emissions at intervals of 30 days. In such conditions chronic effects 
associated with the persistence of the components of the runoff can be ruled out. 
Therefore, the PNEC was calculated with less strict precautionary criteria than those 
involved in the factors proposed in the references (OECD, 1992; European 
Commission, 2003), which seem to be based on the assumption that the toxicological 
data are far less precise than those obtained in this work. In these conditions, we 
proceeded as follows: 
a) We took the lowest NOEC/EC10 obtained in the CPILOT assay. 
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b) We obtained bibliographic data (Bellas et al., 2005; Beiras and Bellas, 2008; 
USEPA, 2009b) on the EC50 of a reference toxic compound (sodium dodecyl sulphate 
[SDS]) in relation to several estuarine and sea water species, and calculated the 
geometric mean for the available data of each species. 
c) The values corresponding to the sensitivities of the different species to SDS were 
adjusted to a log-normal distribution (Van Den Brink et al., 2006) and the median was 
made to coincide with the lowest NOEC/EC10 obtained in the CPILOT assay. 
d) From this curve, we calculated the hazardous concentration to 5% of the species 
(HC5), which was taken as the PNEC. 
5. In accordance with the standard criteria, the calculated risk for a specific scenario 
is given by the PEC/PNEC ratio, considering that a value of less than 1 represents no 
environmental risk. Thus, the PEC/PNEC value adopted can be used to estimate the 
treatable front f for a strip depth b, and the safety semi-fronts s at both sides of the 
treated strip, in order to obtain a tolerable concentration in the volume affected at a 
given distance d from the shoreline. 
 RESULTS AND DISCUSSION 
CHEMICAL COMPOSITION OF CYTOSOL 
The main products of CytoSol obtained by GC-MS were the methyl esters of the 
following fatty acids: hexadecanoic (palmitic) acid, octadecanoic (estearic) acid, 9-(z)-
octadecanoic (oleic) acid, 9,12-(zz)-octadecadienoic (linoleic) acid and 8,11-(zz)-
octadecadienoic acid. Though the declared composition of CytoSol includes minor 
proportions of other products that enhance bioremediation (Walker et al., 1999), it was 
not possible to identify them. 
CULT ASSAY   
The EC50 obtained for the sea urchin (r=0.999, p<0.0001) was 11.5 µL/L (95% 
confidence interval: 10.7-12.4) compared with 8.0 µL/L (7.7-8.3) for the mussel 
(r=0.999, p<0.0001). The EC10 was 3.7 µL/L (3.3-4.2) in sea urchin compared with 4.7 
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µL/L (4.3-5.2) in mussel and the NOEC was 5 µL/L in sea urchin compared with 2 
µL/L in mussel (Figure 4.4). The sensitivity to CytoSol was greater in mussel according 
to the calculated values of EC50 and NOEC, but not for the value of EC10. It should be 
noted that emulsions of CytoSol in sea water obtained by agitation at concentrations 
higher than 500 ppm are relatively unstable, showing the formation of supernatant 
microdrops within a few minutes. 
 
Figure 4.4. Inhibition of larval growth in sea urchin (left) and enhancement of 
morphological anomalies in mussel larvae (right) by the preparation of CytoSol agitated 
with Ultra-Turrax in sea water (CUlt assay). Dose in µL/L. 
The acute toxicities of CytoSol determined in this work (EC50/48 hours of 8.0 µL/L 
in Mytilus galloprovinicialis and 11.5 µL/L in Paracentrotus lividus) contrast with the 
far more moderate values found for the same product by Walker et al (1999) working 
with Menidia beryllina (578-738 ppm) and juveniles of Mysidopsis bahia (121 ppm). 
Though we have not found data on CytoSol with the species studied herein, the 
information on other shoreline cleaning agents suggests that such differences are due to 
the different sensitivities of the biological entities used in the assays. Indeed, with the 
product PES-51, the EC50/48 h determined by Shigenaka et al. (1994) was 9.6 ppm (M. 
edulis), 18.7 ppm (Crassostrea gigas), 665 ppm (Artemia sp.) and 1425 ppm (Fundulus 
heteroclitus). Similarly, with the dispersant Corexit 9527, Singer et al. (1990) found for 
EC50/48 h values of 1.6-2.2 ppm (Haliotis rufescens), and for EC50/96 h values of 4.3-
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7.3 ppm (juveniles of Holmesimysis costata) and 25.5-40.6 ppm (larvae of the fish 
Atherinops affinis). Thus, the toxicity of CytoSol can be characterized as moderate in 
comparison with that of a reference surfactant such as SDS, with an EC50/48 h of 2.4 
mg/L (Mytilus galloprovincialis) and 4.3 mg/L (Paracentrotus lividus), according to 
Beiras and Bellas (2008) and Bellas et al. (2005). 
These results suggest, furthermore, that in the evaluation of the ecological risk 
associated with the use of shoreline cleaning agents, it is important to include mollusc 
embryos among the biological entities subjected to bioassay, due to their greater 
sensitivity to this type of formulation. Specifically, one should include those of the 
genus Mytilus, which are widely distributed and of great ecological and economic 
importance. 
L&C ASSAY  
The EC50 obtained for the sea urchin (r=0.992, p<0.0001) was 23.1 mL/L (15.7-33.7) 
(Figure 4.5) and the EC10 was 3.8 mL/L (2.3-6.0). The NOEC (5 mL/L) and the LOEC 
(10 mL/L) were also calculated. 
 
Figure 4.5. Inhibition of the larval growth in sea urchin by a mixed aqueous extract of 
Libyan crude oil and CytoSol accommodated together in sea water (L&C assay).  
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CHEMICAL COMPOSITION OF THE RUNOFF WATER  
Of the total concentration of effectors released in the runoff (Table 4.2), 49.7% 
corresponded to CytoSol and 50.3% to the hydrocarbons. The contribution of CytoSol 
was high in both phases (46% in the aqueous phase and 51% in the decanted residue of 
fuel-oil). 
Table 4.2. Composition of the runoff obtained in the treatment of Moreira. 
 Mass  
(g.L-1) 
% of total relative % per 
phase 
1. Residue of fuel-oil decanted 2.444   
1.1. Asphaltenes  0.460 13.91 18.82 
1.2. Deasphalted fraction 1.984   
CytoSol 1.245 37.66 50.94 
Hydrocarbons 0.739 22.35 30.24 
2. Residue in the aqueous emulsion 0.862   
Asphaltenes 0.159 4.81 18.45 
Deasphalted fraction 0.703   
CytoSol 0.397 12.01 46.06 
Hydrocarbons 0.306 9.26 35.50 
Total  3.306   
 
The concentration of CytoSol determined analytically was 1.64 g/L, which involves a 
recovery of 44% in the runoff water. The losses were related to amounts that were 
blown away by the wind during the atomization and the waiting period, that slid down 
sloping rocks during the same period and that adhered (absorption and adsorption) to 
the surfaces over which the runoff flowed. Due to the degradability of CytoSol and the 
nature (rocks, soil) of the substrates that retain it, this fact can be considered to depress 
the risk associated with its use. From photographs of the rocks before and after the 
treatment (Figure 4.6), its efficacy was estimated at 80%.  
CPILOT ASSAY 
The toxicity of the emulsion descended in the order mussel, sea urchin, mysid. In the 
sea urchin (Figure 4.7), the EC50 obtained (r=0.997, p<0.0001) was 129.0 mL/L (113.0- 
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Figure 4.6. Detail of a boulder before (left) and after (right) treatment with CytoSol in 
the conditions specified in the text. 
147.3), the EC10 was 45.0 mL/L (35.9-56.3) and the NOEC and LOEC were 10 and 20 
mL/L, respectively. In the mussel, the EC50 (r=0.990, p<0.0001) was 64.3 mL/L (37.8-
109.0), the EC10 (r=0.990, p<0.0001) was 21.1 mL/L (7.8-54.5) and the values of 
NOEC and LOEC were 10 and 20 mL/L, respectively. In the mysid, in which the 
mortality at the highest concentration was 20% (r=0.967, p=0.003), only the LC10, of 
73.0 mL/L (44.4-119.7) was calculated. The TU value for the sea urchin was 15.4. 
After an experimental application of oil in a sandy beach mesocosm, an ageing 
period and a final treatment with CytoSol and Corexit 9580, Fuller et al. (2000) found 
that the toxicity on Crassostrea virginica, Sheepshead minnows and Cyprinodon 
variegatus was very low due to "the lack of observed responses with the water column 
organisms during the oil only application and the oil plus shoreline treatments". In the 
present study, the toxicities found in the CPILOT assay were not insignificant, particularly 
compared with the mussel larvae. However, the TU value calculated for the runoff 
water with sea urchin (15.4) was lower than that reported by Beiras and Saco-Álvarez 
(2006) in the first days after the Prestige spill in a sandy cove (646), but greater than 
that measured in the same cove two weeks later (1.8), and thenceforth. 
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Figure 4.7. Inhibition of larval growth in sea urchin (left) and enhancement of 
morphological anomalies in larvae of mussel (right) by the aqueous emulsion from the 
pilot-scale treatment carried out in the field (CPilot assay).  
The level of CytoSol detected in the runoff water used in the bioassays of the CPILOT 
assay (397 mg/L, or 448 µL/L) indicates that a large part of the toxic response is due to 
this formulation. In fact, if the toxicity of the preparation were due only to CytoSol, the 
values of EC50 that should be attributed to the product would be 27.4 and 58.4 µL/L, 
respectively, for mussel and sea urchin, whereas those determined in the CULT assays 
were 8.0 and 11.5 µL/L. It has been reported that petroleum emulsions in water are 
stabilized by the presence of resins and asphaltenes (Sullivan and Kilpatrick, 2002), and 
by the presence of silica particles (Binks and Lumsdon, 1999) and colloidal materials 
(Aveyard et al., 2003). The lower toxicity of the runoff is therefore probably due to the 
sorption properties of the materials that it contains. It is thus reasonable to assume that 
the high proportion of asphaltenes detected in the emulsion may depress the 
bioavailability of the most toxic components. Indeed, though very recalcitrant, 
asphaltenes have a low toxicity, because their molecular size prevents them from 
penetrating the cellular membranes. However, they can retain hydrophobic molecules, 
such as the hydrocarbons and esters present in CytoSol, thus reducing the proportions 
needed to effectively reach the receptors of the target biological entities. 
The lack of relevance between laboratory-scale experiments and the field situation 
has been stated repeatedly (Linden et al., 1987) . Though in our case the comparison 
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between the toxicities detected in the L&C and CPILOT assays is not direct, the 
convergence between the results is reasonable. Indeed, taking into account that the 
doses in both assays and disregarding the difference between weathered fuel oil and 
crude oil, it could be concluded that in the runoff an EC50 lower than 23.1 mL/L could 
not be detected. Thus, the real values (64.3 mL/L in mussel and 129.0 mL/L in sea 
urchin) agree well with this deduction, particularly if one keeps in mind the fraction of 
CytoSol that is not transferred to the runoff water. 
Fieldhouse (2008) states that the dispersions produced by a treatment of Bunker C 
fuel with CytoSol and cleaning at 25 ºC with water with a salinity of 3.3 % are 
moderately stable, being maintained as resurfaced oil with a low dissipation rate: 
"capturing the bulk of the oil as resurfaced oil within a boom after 15-30 minutes 
dissipation is unlikely". Page et al. (2001) applied a treatment of CytoSol to a mixture of 
Coastal No. 6 fuel oil and Exxon No. 6 fuel oil in a mesocosm and observed that 
coalescence took place; the (supernatant) slick was homogeneous and could be picked 
up easily with a skimmer. As stated above, in the runoff generated in our treatment the 
higher phase that separated was also easy to pick up. 
Due to the slow degradation of the slicks of weathered fuel oil in the supratidal 
environment, the near uselessness of bioremediation or water washing in this state, and 
the efficacy with which the use of CytoSol allows cleaning, it seems inevitable to posit 
the dichotomy between the application of a shoreline cleaning agent with a small, 
isolated ecological impact and the absence of intervention involving a sustained impact 
on the landscape (albeit a very low ecological impact). 
For the calculation of the PNEC we considered the option of using the assessment 
factors proposed by the OECD (1992) and the European Commission (2003), but 
decided that they were too high for the proposed treatment. The monograph of the 
OECD (1992) recommends an assessment factor of 1000 for EC50 estimated in one or 
two aquatic species, which, considering the concentration of CytoSol determined in the 
runoff, would mean a PNEC of 25 μg/L. The Marine Risk Assessment section of the 
Technical Guidance Document on Risk Assessment (European Commission, 2003) 
proposes an assessment factor of 10000 for the lowest EC50 of three taxonomic groups 
on three trophic levels (algae, crustaceans and fish), though it accepts the possibility of 
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reducing the factor to 100 for intermittent emissions. The intermittent application of the 
shoreline cleaning agent and the rapid dilution in the environment make it advisable to 
use a moderate assessment factor to calculate the PNEC. In our case, the distribution of 
sensitivities to the runoff of selected species would be the best method for determining 
the PNEC. Thus, to balance pragmatism and precaution, we decided to seek a surfactant 
on which sufficient toxicological data were available in order to adjust to a sensitivity 
distribution for a set of relevant species in our conditions and superimpose the values 
obtained in the CPILOT assay. The log-normal distribution parameters obtained for SDS 
were: μ=8.11 (8.07-8.13) and σ=1.26 (1.21-1.31), with r=0.996, p<0.0001 (Figure 4.8). 
The PNEC calculated for the runoff based on the most sensitive species was 1.3 mL/L. 
 
Figure 4.8. Distribution of species sensitivity based on acute toxicity (EC50, LC50, IC50) for 
SDS extracted from the ECOTOX database, Bellas et al. (2005) and Beiras and Bellas 
(2008). Embryo-larval tests with molluscs (○), with M. galloprovincialis  (●), with sea 
urchins (Δ), with P. lividus (▲), and with other species and methods (▪). 
Figure 4.9 shows the PEC/PNEC ratio as an expression of the risk according to the 
front treated in the conditions specified in the legend. It should be noted that the dilution 
model used to calculate the PEC assumes a stagnant volume for reasons of caution and 
simplicity although this safety reason is maybe excessive as we commented above. 
However, in the natural environment the mixture can be expected to have a substantially 
greater volume due to the action of tides, currents and swell, so the concentration will 
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fall sharply over time, reducing even further the toxicity associated with the release of 
the runoff. 
 
Figure 4.9. PEC/PNEC according to the front treated with the following conditions 
f+2s=200, b=10, =2˚, d=50 and the four p values noted in the figure. 
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VI. GENERAL DISCUSSION. 
Microbial growth in batch culture is a useful tool for evaluating the reproductive 
capacity of a population on a nutrient medium and under certain environmental 
conditions. It is of interest in ecotoxicology due to: a) microorganisms (bacteria or 
algae) are representative of important trophic groups, b) the toxicity assessment for 
microorganisms involves several generations, c) the tests are simple and inexpensive. 
The concentration of a chemical and the exposure time are the two fundamental 
dimensions of the toxic response. In fact, the survival of organisms exposed to a toxic 
chemical decreases with exposure time, while the patterns for sublethal endpoints (ECx) 
are more diverse and dependent on the type of measured effect (Baas et al., 2010). 
Toxicity evaluation by a standard microbial assay consists of directly or indirectly 
measuring the biomass or cell density during the exponential growth phase - at 16 h for 
the bacteria Pseudomonas putida (ISO, 1995) and 72 h for the microalgae Skeletonema 
costatum and Phaeodactylum tricornutum (ISO, 2006) - and calculating the growth 
inhibition produced by the treatments with the chemical compared to the control. The 
inhibitory effect in the microalgal assay differs slightly depending on whether it is 
calculated from biomass or specific growth rate (Nyholm, 1985).  
The reasons for restricting the toxicity assessment to the exponential phase are that 
the specific growth rate decreases with time in the controls, as well as intra- and 
extracellular concentrations in the treatments with the chemical (Nyholm and Kallqvist, 
1989). Some authors found that the EC50 value of a pesticide (Amdro) increased from 
48 to 96 h for five marine microalgae and recommended reducing the duration of the 
microalgal test to 48 or 72 h (Walsh, 1983). Reducing the microalgal test from 14 days 
(USEPA, 1978) to 72 hours (ISO, 2006) implies skipping evaluation of the toxic effects 
on the set of growth phases. However, a chemical may affect different phases - lag, 
exponential or stationary - of microbial growth (Blankley, 1973), which requires: a) 
obtaining the kinetic profiles for the set of growth phases, and b) using a toxicodynamic 
approach to model the response. The number of samples, test duration and complexity 
of the analysis are lower in standard microbial tests than for the approach followed in 
this work. The standard approach seems appropriate for short episodic exposures to a 
Discussion 
 
144  VI. General discussion  
chemical or mixture of chemicals. However, describing the impact over the whole range 
of microbial growth kinetics provides greater predictive capacity and reliability for 
continuous emissions or even for episodic emissions exceeding the duration of the 
standard test. 
The carrying capacity or maximum biomass (Xm) is a parameter of the logistic 
growth model that has a high sensitivity according to Wang et al. (2011), which would 
suggest its routine use for algal growth inhibition tests performed in situ. However, 
approaches based on variations in a single parameter of the logistic equation may 
underestimate the inhibitory effect and have low predictive ability. In Chapter 1, it was 
found that cadmium, cobalt and nickel had differential effects on the growth of the five 
bacterial strains tested, although the bivariate model provided an excellent description in 
all cases. The bivariate model also provided an accurate description of the effects of the 
STAs tested on the growth of microalgae and bacteria. Vázquez et al. (2011) evaluated 
the inhibitory effects of low molecular weight carboxylic acids (lactic acid, formic acid, 
etc.) on bacterial growth with a similar approach and found that: a) the inhibition of 
biomass production showed similar patterns in terms of optical density on liquid 
medium as in counts of colony-forming units (CFU) on agar plates; b) the inhibition 
affected the parameters Xm and vm in most cases; and c) simultaneous modification of 
the three kinetic parameters of the logistic growth equation was less common. 
Increasing EC50 and EC10 values with time of cultivation were observed in the 
microalgae tests, unlike the single value obtained for the EC50,τ (Chapter 1). However, it 
was not possible to calculate the confidence intervals of the EC50,τ in the present work. 
A promising possibility to obtain the confidence intervals may be through a bootstrap 
regression technique. This consists in fitting to a model, resampling the residuals and 
saving the parameters from each bootstrap sample. The obtained distribution would also 
be useful for calculating the confidence intervals for a parameter corresponding to a low 
level effect (EC10,τ or EC20,τ). 
The toxicity results obtained for the STAs in Chapter 1 of this thesis are summarized 
in Table VI.1 and VI.2. The dispersant Agma OSD 569 showed the lowest toxicity, 
followed by the shoreline-cleaning agent CytoSol (Table VI.1). The dispersants Finasol 
OSR 51 and OD4000 showed the highest toxicity (Table VI.1). The sensitivity of the 
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sea urchin embryo-larval test was higher than of the other tests (Table VI.2). The 
phytoplanktonic species showed an intermediate sensitivity between the sea urchin and 
the bacteria L. mesenteroides. I. galbana was the most sensitive microalgal species 
followed by C. gracilis and P. tricornutum (Table VI.2).  
Some authors have argued that most SCAs show a marked efficiency and are much 
less toxic than dispersants (Fingas and Fieldhouse, 2011). Hansen et al. (2013) assessed 
the toxicities of five shoreline cleaning agents and three dispersants in five marine 
species (one microalga, three copepods and one amphipod) and found that: a) the 
copepod Acartia tonsa was the most sensitive species, b) the range of toxicity observed 
for this species was large (LC50/48h 6.5 to 2790 mg/L), and c) the dispersant OD4000 
had the highest toxicity of all chemicals tested. The range of toxicity found by Hansen 
et al. (2013) for A. tonsa was greater than that observed here for P. lividus (1.2 to 34 
μL/L). Furthermore, the EC50 value of OD4000 for P. lividus (2.2 ppm) is also less than 
than that LC50 found by Hansen et al. (2013) for A. tonsa (7.7 ppm), which is indicative 
of the greater sensitivity of the sea urchin embryo-larval test. Hansen et al. (2013) 
concluded that the shoreline cleaning agents Corexit 9580A, Bios and Absorrep K212 
showed the lowest toxicities among all tested spill-treating agents. In contrast, the 
dispersant Agma OSD 569 showed less toxicity than the SCA CytoSol in the 
phytoplanktonic and sea urchin tests performed in this work (Table VI.1). 
In the sea urchin test, the toxicity (EC50) of the STAs using acetone as a carrier was: 
Agma OSD 569 (34 µL/L) < CytoSol (26.3 µL/L) < OD4000 (2.2 µL/L) < Finasol OSR 
51 (1.2 µL/L), while the toxicity obtained for the water accommodated fraction was: 
CytoSol (15.1 mL/L) < Agma OSD 569 (9.8 mL/L) < OD4000 (2.6 mL/L) < and 
Finasol OSR 51 (1.8 mL/L). A similar pattern was obtained for both dosage methods, 
although slight differences were observed that may be due to the fact that STAs are 
complex substances where the components have different solubilities; so the final 
concentrations of the compounds in the aqueous phase will depend on the initial loading 
rate. In this sense, two elements represent a handicap for the toxicological evaluation of 
these products: a) it is not possible to know all the components that make up a STA 
other than those declared in the product safety data sheet, b) a selective and sensitive 
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methodology is needed to quantify their components in seawater (Kirby et al., 2011; 
Place et al., 2010). 
Table VI.1. Toxicity as EC50 or EC50,τ (μL/L) of CytoSol, Agma OSD 569, Finasol OSR 
51 and OD4000 for the indicated species, toxicity ranking by species and average toxicity 
ranking for each STA. A value of 1 indicates the most toxic STA for that species and 4 the 
least toxic STA. 
  Bacteria  Microalgae  Sea urchin   
  
L. mesenteroides  I.  galbana P.  tricornutum C. gracilis  P. lividus  STA 
  
EC50,τ  
(μL/L) 
Rank.  EC50,τ  
(μL/L) 
Rank EC50,τ  
(μL/L) 
Rank EC50,τ  
(μL/L) 
Rank  EC50 
(μL/L) 
Rank  Rank 
                CytoSol  - 4  21.8 3 369 2 74.6 3  26.3 3  3 
Agma OSD 
569 
 - 4  65.3 4 >350 3 124.5 4  34 4  3.8 
OD4000  129 1  18.7 2 115.8 1 34.1 1  2,2 2  1.4 
Finasol 
OSR 51 
 754 2  15.3 1 -  50.9 2  1,2 1  1.5 
                 
Table VI.2. Toxicity ranking by STA and average toxicity ranking for each species. A 
value of 1 indicates the most sensitive species and 5 the least sensitive. 
Group Species  STA  Species 
   CytoSol Agma  OD4000 Finasol  rank 
    OSD 569  OSR 51   
         Bacteria L. mesenteroides 
 
5 5 5 4 
 
4.8 
Microalgae I. galbana 
 
1 2 2 2 
 
1.8 
 
P. tricornutum 
 
4 4 4 - 
 
4.0 
 
C. gracilis 
 
3 3 3 3 
 
3.0 
Sea urchin P. lividus 
 
2 1 1 1 
 
1.3 
         
 
CytoSol was shown to be more effective in the lab than the dispersants Agma OSD 
569, Finasol OSR 51 and OD4000 after 30–180 min of soaking time, and slightly more 
effective after 360 min (Murado et al., 2008). Its effectiveness was also greater than that 
of Agma OSD 569 in a field trial conducted on rocks coated by a heavy fuel oil spilled 
by the thermal power station of Aboño in June 26, 2012 (J.A. Vazquez, pers. comm.). 
Therefore, CytoSol is a better choice than Agma OSD 569 in terms of effectiveness. 
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The use of an SCA involves: a) spraying the SCA on the stain at low tide, a soak time 
(typically half an hour to 4 hours or as much as possible), water washing with cold 
water at low pressure and oil recovery by skimmers of sorbents (Fingas and Fieldhouse, 
2011). A dispersant (e.g., Agma OSD 569) promotes dispersion of the oil in water and 
affects the ability of the oleophilic sorbents to retain the spilled oil. This constitutes 
another element favouring the use of CytoSol instead of Agma OSD 569. 
Oil spilled at sea changes its composition significantly due to weathering processes 
and the magnitude of that change will depend on the time elapsed and the distance from 
the source of the spill (Table II.2). In Chapter 2 of this study the effects of two 
experimental methods of oil weathering on the composition and toxicity of two oils, an 
Angolan crude and a heavy fuel oil, were studied. Artificial weathering by evaporation 
and photooxidation simulated the early stages of the weathering processes at sea and 
caused slight changes in the composition of the selected oils (Table 2.1). The aromatic 
fraction was mainly responsible for the observed toxicity to sea urchin embryos in the 
two oils tested. The hypothesis that the weathering processes decrease the toxicity of 
petroleum (Di Toro et al., 2007) is consistent with the results found in this work for the 
Angolan crude, which appears to be related to a decrease in the toxicity of the aliphatic 
fraction, but not for the heavy fuel oil (Table 2.2 and Table 2.3). Nevertheless, the 
photooxidative treatment resulted in an increase in the proportion of polars (Table 2.1) 
and both evaporation and photooxidation increased the toxicity of this fraction for the 
two tested oils (Table 2.3); underscoring the role of the polar fraction in the oil 
weathering processes. 
Information about the joint acute toxicity of mixtures of single hydrocarbons is 
currently available (Broderius and Kahl, 1985). However, few studies have addressed 
the toxicities of mixtures of the major oil fractions (aliphatics, aromatics, polars and 
asphaltenes) (Middaugh et al., 2002). In fact, the toxicity of the polar fraction is not 
usually assessed because it is assumed that a) compounds in this fraction have a high 
molecular weight and are not bioavailable, and b) they cannot be identified by GC-MS 
(Redman et al., 2012). In this work, an accurate prediction of the joint toxicity of binary 
mixtures of complex oil fractions corresponding to aliphatics, aromatics and polars was 
obtained using the concentration addition model. The coarse petroleum fractions from 
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different oils indicated above showed moderate variability in their toxicity to sea urchin 
embryos, which may possibly be due to compositional differences in a given fraction 
among different oils. A finer fractionation and the identification of compounds from 
each subfraction may allow the interpretation and analysis of the toxicities of these 
complex mixtures to be improved. However, direct testing of the toxicity of polars is a 
possible alternative to assess the potential toxicity in environmental samples because 
this fraction is a partially characterized or completely uncharacterized mixture (Ragas et 
al., 2011). 
The action of a spill-treating agent, shoreline cleaning agent or dispersant on an oil 
slick represents an increased exposure to hydrocarbons in the water column and 
simultaneous exposure to the used STA. Some authors have found that the toxicity of 
the WAF of oil is less than that of the WAF of oil and dispersant, also known as 
CEWAF, and this is due to synergistic effects between the dispersant and the oil 
(Elgershuizen and De Kruijf, 1976; Rico-Martínez et al., 2013). From a toxicological 
point of view - and not focused on the mechanism of action of a dispersant or shoreline 
cleaning agent, which obviously implies an increase in the hydrocarbon concentration in 
the water column - it is interesting to elucidate if dispersed oil is intrinsically more toxic 
or if there are synergistic effects between the dissolved and dispersed hydrocarbons 
(NRC, 2005). Bobra et al. (1989) developed and calibrated a model to describe the joint 
toxicity of dispersant and oil in which additive toxicity was assumed for the dispersant, 
dissolved and particulate oil. Other authors (Verriopoulos et al., 1987) found that binary 
mixtures of aqueous extracts of oil and the dispersant Finasol OSR2 showed 
significantly less than additive toxicity according to the additive toxicity index 
developed by Marking and Dawson (1975). In this study, the acute toxicities of binary 
mixtures of WAFs obtained independently for the oil and four spill-treating agents 
(CytoSol, Finasol OSR51, Agma OSD 569 and OD4000) were assessed using a sea 
urchin embryo-larval test. Reference models (concentration addition and independent 
action) with null interaction provided the best fits to the experimental data in most cases 
and no synergistic effect was observed in any of the tested binary combinations. The 
models with a greater descriptive capacity according to the Akaike Information 
Criterion were: concentration addition (Agma OSD569 and CytoSol), independent 
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action (Finasol OSR51) and the extended concentration addition model to describe 
antagonistic effects (OD4000).  
The ratio of shoreline cleaning agent to oil recommended for use in the field (1:5-
1:2.5) (Fingas and Fieldhouse, 2011) is greater than the ratio of dispersant to oil (1:20 to 
1:10) (NRC, 2005), so the toxic contribution of a SCA to the toxicity of the CEWAF 
may be greater than that of the dispersant. In Chapter 3 the effects of different ratios of 
the dispersant Finasol OSR 51 to a Maya crude oil on the composition and toxicity of 
the water accommodated fraction were studied and it was concluded that: a) the toxic 
contribution of the dispersant was relevant in the treatments with dispersant and oil (1:2, 
1:10 and 1:100) and, b) the toxicities of the CEWAFs were close to those of the WAFs 
of the dispersant. The toxicity of the CEWAF of a Libyan crude and CytoSol (SCA:oil, 
1:1) in the present study (23.1 mL/L, Chapter 4) was also closer to values obtained for 
the WAF of CytoSol (15.1 mL/L, Chapter 3 and 36.0 mL/L, Murado et al. 2011) than 
those obtained by Murado et al. (2011) for Libyan crude (190.4 mL/L). Clayton et al. 
(1996) assessed the toxicities of the WAF of two oils (Bunker C and Bonny light crude 
oil), of two SCA (PES51 and Corexit 9580A) and the toxicity of the CEWAF (1:2, 
SCA:oil) using four different bioassays and concluded that the two oils were also the 
least toxic treatments in most cases. Both the SCAs and the dispersants contain 
surfactants that result in an increase in the dispersed oil in the CEWAF. Nevertheless, 
Bhattacharyya et al. (2003) found that: a) SCA Corexit 9580 was less toxic than the 
dispersant Corexit 9500 and, b) the toxic interaction between the dispersant and the 
selected oils - crude and diesel - at a ratio of 1:5 was more marked than for the SCA. 
Since the ratios of SCA to oil that are demonstrated to be effective (1:5–1:2.5) are 
greater than for dispersants (1:20 to 1:10), the approval of a SCA based on its toxicity 
should be evaluated at a higher ratio (e.g., 1:2.5) than for a dispersant (usually 1:10). 
The use of a SCA on the shoreline is conditioned by its efficiency and toxicity. In the 
present work, CytoSol was sprayed onto the surface at 0.25 L/m
2
 and its effectiveness in 
removing highly weathered oil slicks as well as the toxicity of the runoff were assessed. 
In different situation, the effective dose for removing oil from a solid surface will 
depend on the type of oil, the thickness of the slick, the degree of weathering and the 
type of rock. Therefore, more research is needed to evaluate the ratios of SCA to oil in 
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the laboratory and in the field that may maximize the efficiency of water washing and 
the toxicity of the runoff at those ratios. 
The use of hazard quotients and assessment factors for risk estimation is related to 
the assumption that if the most sensitive species are protected the ecosystem structure 
and function will not be distorted (European Commission, 2003). The size of the 
assessment factor for the estimation of the PNEC is a compromise between the 
precautionary principle and the need to establish causal links between emissions and 
effects (Chapman et al., 1998). The proposed application of CytoSol involves 
intermittent releases and, in such cases, the use of short-term tests to assess the toxicity 
of the runoff is recommended (Suter II, 2007). In the Technical Guidance Document on 
Risk Assessment (European Commission, 2003) the use of three short-term tests 
corresponding to different trophic levels and an assessment factor of 100 to be applied 
on the lowest L(E)C50 (64.3 mL/L to mussel) are proposed to derive a PNEC for 
intermittent releases. We chose to follow a different approach based on 
semiprobabilistic risk estimation. The procedure used was: a) the species sensitivity 
distribution obtained for the surfactant sodium dodecyl sulfate was chosen for 
estimating the standard deviation (slope) (Figure 4.8); b) the lowest NOEC value 
obtained for the runoff was taken as the median of the cumulative distribution and c) the 
PNEC was calculated as the HC5 of such distribution. While the PNEC derived in this 
work (1.3 mL/L) does not differ much from what would be obtained by applying an 
assessment factor of 100 (0.6 mL/L) to the lowest EC50 experimentally obtained, the 
methodology used here represents a more realistic approach than using a fixed value as 
an assessment factor.  
The different methods available to estimate the ecological risk and the obtained 
values depending on the chosen method are illustrated in Figure II.3. A PEC/PNEC 
value of 1 potentially affects to the 5% of species ( = 0.05) (Figure II.3). Since the 
estimated PNEC is 1.3 mL/L, a PEC of 10 mL/L (equal to the lowest NOEC value 
obtained) implies a PEC/PNEC value of 7.7 (Figure 4.9) and the potentially affected 
fraction of species would be 50%. The proposal for cleaning the shoreline involves a 
restriction: the PEC/PNEC value must never exceed a value of 1, so the treated front is 
conditioned by the percentage of surface affected by oil (Figure 4.9). The main 
 Toxicity and marine risk assessment of spill treating agents and oil 
 
  VI. General discussion 151 
contribution of this work to the use of shoreline cleaners is to propose a predictive risk 
assessment in which a reasonable level of protection is combined with a practical 
criterion of application. 
The developed model for assessing the ecological risk related to the use of a SCA is 
highly conservative. Waves, tide and currents are expected to contribute to accelerate 
the dilution of the runoff, so the real PEC/PNEC values may be even lower than 
expected. Therefore, a low probability of toxicity of the runoff in the receiving 
environment is expected with an application of a SCA under the proposed conditions, 
with limitations in the treated area and in the period of time elapsed between treatments. 
Nevertheless, it would be necessary to validate the model’s predictions by in situ or ex 
situ toxicity bioassays. Clayton et al. (1996) compared the sensitivity of four bioassays 
to assess the toxicity of shoreline cleaning agents in situ and concluded that: the simpler 
tests - the righting ability and water-escaping ability of periwinkle snails and byssal 
thread attachment in mussels- were less sensitive and accurate than the tests usually 
performed in the lab - inhibition of the light emitted by Vibrio fischeri or the inhibition 
of fertilization success for the sea urchin Dendraster excentricus. Buday et al. (2012) 
tested different shoreline cleanup methods (ambient water/low pressure, cold water/high 
pressure, hot water/high pressure and pressure water washing and shoreline cleaning 
agents/low pressure) and water samples were taken on the foreshore before and after the 
treatments for chemical and toxicity analyses. The water samples taken after the 
cleaning treatments showed higher hydrocarbon concentrations than those in samples 
taken before cleaning for any of the used methods; the highest concentrations of 
hydrocarbons were measured in the areas treated with the shoreline cleaner Corexit 
9580A. Nevertheless, the seawater samples taken at a depth of 1 m did not cause an 
increased mortality for Oncorhynchus kisutch, nor a decrease in the fertilization success 
of Dendraster excentricus; neither did it inhibit production of the bioluminiscence of 
Vibrio fischeri. A toxicity assessment similar to that performed by Buday et al. (2012) 
would be useful to validate the application protocol of a SCA and the risk predictions of 
the model developed in this work before more widespread use. 
When physical or chemical oil spill countermeasures fail to contain, recover or 
disperse the oil, the oil will be stranded on the shoreline. In order to help in decision-
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making, an analysis of the benefits/costs of each shoreline countermeasure was 
compared to natural recovery to select the most appropriate methods for each 
characteristic coastal habitat (NOAA, 2010; U.S. Department of Commerce et al., 
2010). Treatment endpoints, also known as completion criteria, are defined early in the 
decision process in order to provide the field operation teams with clear clean up targets 
(Owens, 2011). So, if an area treated with the most appropriate response method for that 
habitat contains oil above the criterion of completion, alternative treatment options are 
recommended to achieve that endpoint (Owens, 2011). In this sense, SCAs have proven 
to be effective methods to remove oil on rocky substrates and their use may be required 
for shoreline clean up (NOAA, 2010). 
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VII. CONCLUSIONES. 
A continuación se exponen las principales conclusiones obtenidas en relación a los 
objetivos propuestos. 
El modelo bivariado desarrollado, basado en la descripción de los efectos de un 
tóxico sobre los parámetros de la ecuación logística de crecimiento, permitió obtener 
una descripción estadística consistente y simultánea del conjunto de perfiles cinéticos 
obtenidos para las dosis de tóxico ensayadas. Se definió asimismo un parámetro de 
toxicidad, la EC50,, que sirve de resumen del conjunto de efectos inhibitorios del 
crecimiento. La aproximación fue validada con éxito para cinco cepas bacterianas, tres 
especies microalgales y un conjunto diverso de tóxicos (metales pesados, agente de 
limpieza de costas y dispersantes). De entre los agente de limpieza de derrames de 
petróleo estudiados, sólo los dispersantes Finasol OSR 51 y OD4000 demostraron una 
potente capacidad inhibitoria frente a la lactobacteria L. mesenteroides, siendo el 
segundo citado el más tóxico.   
El ensayo embriolarvario de erizo de mar presentó una sensibilidad notablemente 
mayor que los bioensayos que emplean microalgas como organismo diana y mucho 
mayor que los realizados con bacterias. Isochrysis galbana fue la microalga más 
sensible seguida de Chaetoceros gracilis y Phaeodactylum tricornutum. Teniendo en 
cuenta los valores de los parámetros toxicológicos más característicos (EC50 obtenido en 
el test de erizo y EC50,  en el bioensayo con microalgas), el dispersante Agma OSD 569 
presentó la menor toxicidad, seguido del agente de limpieza de costas CytoSol. Los 
dispersantes OD4000 y Finasol OSR 51 generaron las mayores toxicidades.  
Los métodos experimentales utilizados para el envejecimiento del petróleo 
(fotooxidación y evaporación) causaron una reducción de la toxicidad de un crudo 
angoleño aunque no se observó una tendencia clara para un fueloil pesado. La fracción 
de alcanos experimenta una caída de la toxicidad con los procesos de envejecimiento 
artificial utilizados, posiblemente motivada por la pérdida de los compuestos de menor 
peso molecular. La contribución tóxica de esta fracción fue media para el petróleo 
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angoleño y baja para el fuel pesado. La fracción de aromáticos explica la mayor parte de 
la toxicidad observada para los petróleos. La toxicidad de la fracción polar y su 
contribución tóxica al global se incrementa en los tratamientos de envejecimiento por 
evaporación o fotooxidación. Estos resultados subrayan la importancia de la fracción de 
polares en la toxicidad de los petróleos envejecidos. 
Se obtuvo una descripción consistente de la toxicidad aguda de mezclas binarias de 
fracciones (alifáticos, aromáticos y polares) obtenidas de un crudo Maya mediante los 
modelos de Adición de Concentraciones y Acción Independiente. No obstante, el 
modelo convencional de Adición de Concentraciones fue el mejor en la mayoría de los 
casos testados, lo que corrobora la hipótesis de toxicidad aditiva para las fracciones de 
petróleo. 
La toxicidad de mezclas binarias de fracciones acomodadas obtenidas de forma 
independiente para un crudo maya y cuatro agentes químicos para la lucha contra los 
derrames pudo ser descrito de acuerdo a los modelos convencionales de Adición de 
Concentraciones (CytoSol y Agma OSD 569) y Acción Independiente (Finasol OSR 
51). En el caso restante (OD4000) se detectó un leve antagonismo.  
Una evaluación toxicológica menos formal y más realista implicó la acomodación 
conjunta de Finasol OSR51 y un crudo maya. El extracto acuoso de petróleo mostró una 
baja toxicidad en comparación a la superior toxicidad producida por el dispersante 
comercial. Sin embargo, la capacidad tóxica de los extractos acuosos mixtos de Finasol 
OSR51 y petróleo se situó en una franja intermedia entre las toxicidades individuales de 
cada componente. Se puede afirmar que la contribución tóxica del dispersante al 
extracto acuoso mixto fue principalmente debida a los niveles de tensioactivos 
aniónicos cuantificados. La posibilidad de comparación entre los valores de toxicidad 
del petróleo y del extracto acuoso mixto fue más adecuada cuando las unidades de 
concentración fueron expresadas en términos de dilución (mL/L) que con el clásico 
recurso del contenido de hidrocarburos (TPH en mg/L). 
El mejillón, seguido del erizo y el misidáceo, presentó la mayor sensibilidad tanto al 
CytoSol como a la escorrentía del tratamiento con CytoSol de un sustrato rocoso 
contaminado con restos de fuel del Prestige. La toxicidad del agua de escorrentía fue 
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moderada y la precaución adoptada en la estimación de la dilución de dicha agua 
permite descartar que la PEC calculada sea inferior a la real. Además, la intermitencia 
en la aplicación del agente de limpieza de costas y la rápida dilución en el medio 
aconsejan la utilización de un factor de evaluación moderado para el cálculo de la 
PNEC. La estimación de ambos parámetros fue realizada para manchas de fuel de 
espesor muy reducido y a su vez muy degradado y envejecido. Dado que la cantidad de 
CytoSol empleado depende de la masa de petróleo por área, en una situación diferente 
(p.e. rocas impregnadas con petróleo fresco) tanto el volumen de CytoSol requerido 
como la toxicidad de la escorrentía serán diferentes. No obstante, la metodología aquí 
desarrollada es perfectamente generalizable a la aplicación de cualquier agente de 
limpieza de costas siguiendo la estrategia de aplicación intermitente tanto en espacios 
como en tiempos de actuación y reposo. 
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